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ECTION INV.-THE PHYSTICAL ) E
NCEPTS OF PYRODYRAMXNICS Bl
L , CHAPTER 1 : THE PHBNOMENON OF .4 SHOT AND ¥
e L o ITS BASIC R}LATIGV "
‘- Pyrodynamics is the study of the phendiena Occurring in the bore :
.. . .:‘of agun when the latter 45 fired, apd & means {6F establishing the g f
:gf G . - ) g ) ) S~ - i f
: relation existing between the Iohdiiﬁfcondgtqus and the various SR
£ L - ) ) . ;: 5
; .physical and chemical processes and mechapnical phenomena océurring b
« » thereby. i
.'The mutual relationship and in erdependence of the various elements 5 2
X

f;and factors 1nvolved are clearly nanitested in. the phenomenon of &
shot. For exavple, the ?pyegent of a shell ‘depends on gas pressure,
vherea; the pressure itseif depends on both the‘pgrning‘of powder and
the initisl air Space back of ‘the shell, the laiter in turn depending .
on' the speed of the shell.
{a‘ The phenosenon of a: shot may be considered to consist of the ;
follovwing periods. -
1. PRELIXINARY PERIOD

——— e e N

S

The action of ;.negrigiple external impulse - such as the
percussion of a firing pin or heating by an electr}é current - igniltes
the—cqypps%?ioy of a pgrcuss;on ¢ap, and the resulting flame in
tdrn‘ignltes th= 1gn1ter-mixtu£¢ in the pgimer cup (usually in the
form of a tablet 9! black powder). The gases produced by the
imniter and- the incandescent pirticles of {ts combustion products

T eater the powder chamber through a special opening, a;d the resulting
«f aigh temperature and pressure (pg = 20-50 kg/cmz) cause "the ignition

of the powdér charge.
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¥hen ignitei, the powder burns at first in a pénsxaﬂti;;iqmér <~: A E
unitil ghe~g;% pressure becomes su{ficieﬂtly‘ﬁjgh<tof§3erg6me the h
resistance of the rotating band and force 1t into the rifling groo?ég;
Thls»beriﬁd of a shot may be cpnsidgred as being purely -
pyrostatic in character, because thé powder ‘burns. in a constant vplémé
N (’spnc.e)’ . . : |
Jnashgch\as.the-rifling;is-prgvided,vftb,g quqing"c;ngwat'its 3

start, the rotating band enters -the grooves gradually, and upon

“attaining the full depth of the thread its:reSXStanpe~undergqeb'a

Teld s ieh e

sudden. drop- and. the shell proceeds through tbe bore¢ with the band

already fully notched.

P

“he force IT; necessary for notching the band to the full depth
.0f the grooves taken with relation to the cross-sectional unit area
of the bore s, 1.em,:no/s, is caIled»tﬁe‘"pre§sure/nécé§sary to

overcome the inertia of the projéctile" and is designated as

PSP SN / S VR

, 2
Py = MIg/s kg/em®.
N Pressure pg may vary from 250 to 500’kg/cmzLdgpendingzqn;the

design of the rotating band and the rifling in the bore.

This period .of a shot, vhen the powger-gése9~comménce*to‘hove

‘the projectile and overcome the increasing resistdnce of the band

until theé latter is notched to the full depth of the grooves. and

% traverses a specified distance, hay be called the "forcing pe:iod"ﬁ
& - _or the period of notching of the band. During this period the
projectile traverses a distance equal to that measured: from the initial

X

positlion of the rear edge of the rotating band to the point at which

Mot

the rifling grooves attain their full depth.

~
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fﬁ }:;wl*};" h Ehis period 1s considerabl) nmore c0mp1ex than the pyrostatic

2o

pariod and is more difficult to analy7e. Tnasmuch as the initial

PN 4-—». Qs \

the proJectlle, both periods are usually ‘combined into a single

2- 76'/,‘3@'? » é‘« Tk

prelinxnary period tor the sake of simplicity, by assuming that the

‘ 'edging of the band into the riiling occurs 1nstantaneously and. that

> s «.Oa

the -ovenent og#the projectile commences. as soon as the gas pressure

v W > L%
e v - £

ﬁx'foquals the przpsure po (1.9., ‘the pressiure to overcome the 1nert1a

A}_>$‘ ot the projec 110). N

st T This period‘is called the "preliminary period™; the pressure

. varies !ro- 1 to PB and then to .pg -and the change occurs during the
*.1 period to. '.yz

- ‘vv, M In fig. 1 this period is depicted by the .curve segment ab and
M ,"/‘o

tho ti-e to, 1n fig. 2, the element corresponding to it is the

d

seg-ent o-po on the\ordinate. .

Iethods are now nvailable for the solution of: the problem of

interior balristics vhich ‘take into: consideration ‘the gradual

o ‘——

%] ‘ : breaklag in ot the ‘rotating band 1nto ‘the rifling of the bore. These

f ‘methods. will' be considered later.
i . ‘ " 2. PIRST PERIOD
:: )’Thb pre}iqingry'peridd is followed by the basic or first pérl&éwﬂm
;% of a shot,.byAthé period ‘of burning of powder add¢gns)£ormat1qn in .
‘: . a~var;§b10 space, during which the powder gases impart a velocity to
; : the piojgctile and thus perform the work at the expense of fhe energy
'fé o | X cqb(}beéfih xﬁéh,and overcomea series of resistances.
‘ - i 4 «
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This period, measured from the start of the projectile's L o

R

~ movement until the end of powder burning in the bore, 'when ‘the 1n£19v

of fresh gases stops, is the most complicated period: on the:one

hand the prodess of burning .and the continuous inflow of gises

o F?
e wemh

increase the préssure inside ‘the ‘bore, whereas on the ptﬁerihaﬁd,the

PR ALENL

continuous. acceleration -of thg:gpéjectiie and the resulting increase

—_
v

of the initial "air space™ tend to reduce this.:pressure. ) :

o e we

‘ At the start of the basic period, yben'tﬁé velocity of the

o ot ——r

,probectgle’ls still not Very high, ‘the quantity -of gases increases

at a gieater rate 'than the volume -of the imitial air space, and the
pressure increases; until it reaches a maximum value p_. Hgievex;
ihe,pxessuré increase and hence the increased acceleration of the
brojgct?fe‘caﬁsé a rapid increase of the air space (volume) back of
the projectile, so that notwithstanding the continued burning of ‘the
povder and the inflow of fresh gases, the pressure begins to drop

until it attains a value pg at the end of burning; at the same tkme

\

the velocity of the projeéctile incresses frow zero to vyx. The
powder gases perform most .of ‘their work during this basic period.,

The maximu# gas pressure is also developed during this perio& -

3

this constitutes one of the fundamental ‘ballistic characteristics :

y

PO R

of the .powder and the gun in firing. 1

The maximum pressure gerves .as the basic ‘data for eqtabiishina
the vili thickneés of the gun barrel and the projectile, whereas a !
kiiowledge of the assqciated maximum acceleration of the projectile

18 necessary for designing the inertia parts of time fuzes and fiiinﬁ
{

devices,
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3, SECOND PERIOD

The inflow of fresh. gases stops ‘&t the eud,of buraing of the

QQ Mpo'der, but*inas-ucbfas the renaining gases still possess. a very

e raa? N

hi;h reserve of energy, they coatinue to expand ‘1thout an inflow of

energy vhile the projectile completes its remaining p:xh in. the bore

=N Lvt

ﬁ-..,_,

(up to the uuzzle face), nnd thus continue to perform work and

-, < *

1ncrease thezvelocity and kinetic energy of ‘the projectile. This
Ce

period constitutez 8, physical process in which a definite quantity of

B

highly"conpressed and heated gases undergo expansion. ‘Inasmuch as
. the velocity of the projectile 13 already high at the end of burning

nndqcontinues to increase turther, the projectile tre=crses the

© \)

renalning portion of its path very r:pidly. The ensuing &eat losses,

through the vills of the gun barrel may be therefore disregarded and

et

. the entire period nay be considered as."the period of adiabatic

expansion of the gases. © It is called: the second period and terminates

<

. it,ghe ingtagt thewpaSe of the projectile pasées the muzzle face of

o«

of the projectile increases from vy to YA'(see figs. 1 and 2).

Both periods occur during = very short\pergdd»of time - varying

o

trom 0.001 to 0;660 second, depending on the length and caliber of
}ghe(gqn,yar;el. '
" If we introduce the designations:

s - cross-sectional area-of ‘bore;

p - zas pressure inside the bore at a glven instant;
A - distance traversed by projectile;

m - mass of projectile;

v - velocity of projectile;
F-1S-7327-RE 274
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then, acéording to the general théo}y'of mechanics, to wit, that "the

increment of work done by a force -equals the increment of kinetic

energy,"” we will have(®):
v

'psﬁl - df — ], g ’ T =

Integrating, we get:

whence

The expression I!pdﬁ’iepreséntg the area confined between ‘the
‘ 0 - -
hpécissaA-ang,thekpressufe curve; and inasmuch as it continuously

increases, thz velocity v will also undergo a cosntinuous increase,

.
. m——

whereby the nature of the incroase of v vill depend on the charac-
teristic of the pressure curve. Inasnuch asxxhe pressure, after
réaching a maximum, uridergoes a continuous drop, the areasincrease
becomes smaller and smaller, and the ‘velocity. incremeat of the

_préjectile gradually decreases at the end of ‘its ‘travel through the

bore, i.é., the v, L curve becomes flatter.

(») ps ~ the product of pressure by the area equals the force applied
tc the entire area of the projectile's base.
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According to the equation of the projectile’s motion ~-
h g T - : v .

< “ - - ) - -

) Lo pe m 3 J

dt
:méthg-p;§gghre éuryeiaﬁﬁin to a specific scale gives the ciurve of the

v} P pr?oyjecf’flg 's FCQelerltioﬁgz

Q3

,% w T

~

’viyyefc;dv/dt ié:;hé tangent -of the angle of inclination of the curve

JA{'i;pr§§§ﬁtigg3;hg vgiocity*of the projectile as a iuncti&anlitime.
Inagmuch as the pressure coﬁtinﬁes to dncrease ‘until it reaches

‘ixq~naiiiui!fthg v¢iocity curve v, t proceeds with an dncreasing

‘ ;qglé of jgélinafiod:vitﬁ its convex side directed downward. A point

ogviﬁtlgxiqn,is obtained at the point of gatinuﬁ pressure, and

thereafter, as xhé,preééuré-decreases, the v, t curve continues with

: its convex side directed upwards:
. 8 ~

> YV - - dt’
, ‘ - g P

.to

4. THIRD PERIOD
‘%, - After the projectile leaves the barrel, the gases flowing behind

it with a high velocity continue to exert.a préssure on the base of

4

the projectile for a certain distance 1n' and thus continue to

.1 accelerate the projectile. This period of a shot is called the third

fi ‘ period or the "after-effect périod'ot the gases." The projectile
L? B ~-acquires its maximum velocity vy,yx at the end of this third period,
R - \
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following which its velacity‘begins to decrease under the action of

air resistince; -

In -addition to this after-effect action on the projectile, the
gﬁses‘exerg/éressqre also on the gun barrel; the latter acticn plays
an important part in the design of the gun mouant, apd the fuzés. The ‘
duration of the after-effect of the gases on the gun mount is
considerably longer than gn tbe'projictile..

/‘
: f
/

In a2ddition to the basic processes mentioned above, there is also

& series .of auxiliary procésses affecting the phenomenon of a shot.

Thus, for example, the movemeni of the projectile through the bore is
accompanied by a non-uniform displacement of the gases in the initial
air.space:and‘glsq by the recoil of the ‘barrel. The projectile
gcquiregvaJrotary or spinning motion in addition to the forward straight-
iine‘motion. Some of the gases escape thr&hgh the clearance be;ween ‘
the rotating band and the rifling of the bgre,,thus overtaking the
projectile without first performing useful work; a portion of the
heat energy is spent on heating of the barrel walls (losses due to
heat ‘transfer). ' -

The following basic processes aqd relationships can therefore
be estgbliéhedxon the basis of the shot phenomenon discussed above.

1) The source of energy is derived from the expanding gasés
formed during the bﬁrning of the powder, and hence the laws of
gas fo;mation constitute the basic relationships expressing the process
of burning of pbwde:. The fol}pwing laws apply to the science of

pyrostatics:
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naf gas formation governed by ithe burned thickness of the powder

e

YeRz@ + Xz + uz?),

or -
Y- ~‘6.1'2(“1 + 232),
where
: A
z « € and - ,EE H
€ 8]
'b) burning rate
U = uyp;
€¢) rate of gas formation
dy  S1 s a s
"-‘g'--—“u;)-_-——-fp-
dt Ay 8 V5

EEO P n i3
v TRt a4 R S -

The following relations are used in the case of the physical

law of burning: y=~ £(I) or I = F(y), and also dy/dt = [p.

2) The gases torned'during the burning of powder contain a

large supply of heat energy; a portion of this energy is transformed

into work when the gun is fired, which work is utilized mainly to

" impart kinetic energy to the projectile, the charge and the barrel

and partly to overcome parasitic resistances. A portion of the heat

is absorbed by the walls of the gun barrel.
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energy is not used up however, and is ejecled from the bore in the form
of véry hot gases afier ‘the projectile leaves. the barrel,
Inasmuch as. a shot is accompanied by transformation of enérgy,

the first law of thermodynamics, i.e., the law of comservation of

-energy, gives the second basic relationship,

E“ | It 4s written thus:

‘Q v u + AtL’

3 where Q

quantity of ‘heat supplied to the system from the exterior:
U - internal energy of péwder gases;

IL - total amount of exterior work done by gases, including the
work required to overcome parasitic resistances;.

& i » E - méchanical equivalent, equal to 4270 kg « dm/cal. :

I ) A )

This: fundamental relationship is transformed in pyrodynamics
into the so-called fundamental equation of pyrodynamics (see .below)..

3) The next fundamental relationship is the equation depicting

the translation of the projectile.
It can be writtén two ways:

a) the first form of the .equation of motion (Newton's law)

ps = nd¥ ;

dt . ’

b) thé second form of the equation of motion

) Sp = mvg-!,
dt
L4
) J where § - cross-sectional area of the bore;
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A ‘°n - q/g - mass of pcojectile, A .
e ;' v - welocit) of projebtile,
E ) e 1, path traversed by,projecvile '
% / ,Other=theorems and'relationships of mechanics will be introduced
f e f}:ter in- the text in addition: to the three fundameéntal relationships
,.}' specitied above.~;
T ’ 4) lnasmuch as the charge~project11e~bar1el system 4is brought
’ into ;otiou}vhenza shot, is fx:ed by the action of the internal forces;

“~1.e, by the pressure exerted by the povder gases, the following theoren .

of nechanics can be applied to it in the case of free recoil: "If

. »ol its separate partg'is>such that the sum of the quantities of

‘motion (the suk of moments) equals zero:"
RV + WU+ MV = .0,

" where M. and' V. - mass and velocity of the reécoiling parts;
4 and’ U - mass and veldcity of charge.

This gives the relation between the velocity of the -projectileé

and the velocity of the recoiling parts.
5) The equation of rotary motion of the p}ojectile«is obtained

from the theorem:

iultipliéd'py the angulai acceleration":

bt &

P
e bR,

© N
PR T N
S A0 1“)

3

AR H o AN

Yo

5"
3
N

4
>

. q;;ystep 1s«sanected to the ‘action: 6f internal forces, the dispiacementA*

“The moment of a couple equals the moment of inertia

4}
N - JE——
dt
S
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vhere r - distance measured from the axis of the projeciile to the

cesiter of the driving edge;
N ~ turniiug force;

J-~ momqnt of dinertia of projettile relative to the axis of
rothtion: .

1< angular velocity;
dn

—=* = angular :acceleration. :
dt ' / ;

CHAPTER 2 < LhLRGY EQUILIBRIU“ WHEN A SHOT IS»FIRED

¥Yhen.a shot is fircdyfa considérable portion of the energy developed
by the powder gases is speat on performing work and is converted into “
kinetic energy of motion of the projectile. Furthermore, a part of :
thé:energy is expended on the performance of other work of lésser
magnitude which must be taken into .consideration, to obtain a full
gnaligis of thefequilibriul of energy whén a shot is fired.

Say, a portion ¢y of a charge w is burned at the instant t, at
which time a projectile whose weight is q ha;'traverSed a\distnnce,z
with a velocity v; the temperature of the burning powder is Ty In-
asmuch as the gases had -performed work at the given instant and had ‘
cooled: off, we shall designate their mean temperature by T, where
T<T,. “ ‘

Q@Y cal of heat are evolved during the burning ofwy kg of
po&der,'whicﬁ quantity of heat is equivalent to work 3 Quy, whére
‘3- 4270 kg . dm/cal - the méchanical heat equivalent. .

) $4 we designate ;hé mean heat capacity at coustant volume for

temperature T) by g1, Q = EWITL and

Ey = Bc"f’l“'lwﬂfkg‘ * dm.
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, . This énergy‘wouldzbe fully transformed into work, if the gas e
¢, ‘:C , ® . e/(%% ‘
S tcmperature were lowered to absolute zero. AN
f o Actually, thls quantity of gas, haviu accomplished the work of \f;
, noving Whe projectile and a serios of other secondary items of work gﬁ'
”:fa,at the instaut t, ¢ools. down only to a cer*ain temperature T<:'I‘1 :;
| - "’,and,hencg‘cpntinuea,toaretain a supply of une;pendedxenergy equal to -
) . E = JeyTWY kg - dm, ;
yy - e ’ ;'(
i i~' . vhere c' is the mcan heat capacity for temperature T. - N
;" o Bence the energy expended at the instant t on the performance of
g ' ’<9x§éYnal‘!ork‘jillzbe»expre8sed by the difference ]
1 ! B - E = Iey Tioy - cyTwy
?: Upon performing elementary tramnsformation, we get:
- N VA T I
By + E =Jwy[(A+ b-—2—e Ty - (A + b5 )T WY [A(T) - T) +
§ . ' T, + T T
3 21?1 Sdeyrp -1 (A s b—=— ) <> | (Ty -T)
.' - + 2 ’1 g ? > 1 B A 2 ! Tl c" 1 -3 W?,
1 T T, + Ty
3 wvhere l Cy = A + b—-———— 1is the.true heat capacity corresponding
X Ty I
.j 77 to the mean. temperature in the interval between Tl'and T,
f% ¥Yhen a shot is fired, the gas temperature varies Irom'Tl to
f . Ty» corresponding ﬁo the instant the projectile passes the face of
X the muzzle, The temperature interval is the one that is of practical
1 <, _ ‘value to interior ballistics.
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T )
Since the b coefficient is small, the change bf,l =Q% is small,
Ty, ,
and I'ts average value caii be considered to be constnnt'for‘ghe»enztre

process of the projectile’s motion along the bore, i.e,,

Ta. Ty + Tx
l cw - A 4 b_._l_.__,._&.
- Ty 2

’

wve shall designate it by ‘c‘,"f for short,

The graph in fig. 87 shows theé variation of cy with temperature.

{ Ty
Q (A 0y )T

' Ty ¢+ T
Q= (A + b-—“g”*' (Ty = 1)

the ‘heat capacity cy and the quantity of héat«Q relate to a unit of
gas by weight.
This graph shows that the heat quantity Q corresponding to .a

specific temperature difference is greater at high temperatures

approaching Ty, than at low temperatures, becausé of the increased heat

capacity.
According to the first law of thermodynamics, the energy balance

when a shot is fired can be written as follows:
90"'('1‘1 - TNwy= EE.‘;

vhere 9~ mechanical heat equivalent (427 kg-m/kcal)
IIEi- total amount of work done by the gases when a shot is
fired, including the work necessary to. overcome parasitic
resistances.
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: l'heh a‘shot is fired, the energy confiﬁéh in the gases is
ﬁexpended on the perfornance of the following forms 'of work:
91) Energy Ej for the: translation of the projectile, measured by
the magnitude of ‘the kinetic energy -?‘/2, is the basic form of energy
gxﬁ?ndgq,durxng the movement of the projectile through. the bore of
the gun.. k
2) Energy E2 is expended on the rotary motion ofﬂgﬁe pro)ectiiea
. 3) Energy 25Axg expended to -overcome the:fr;ctional resistance
'bexveen the rotating bdand of the projectile and the walls of the bore
~'(bqree-t- rifling grooves), and alsc for overcoming ;héyxriction between

‘the walls of the projectile and the lands (of the rifling).
4). Energy Eq.is'expended“on the displacement of the gases of
the charge itself and of the unburned portion of powder.

S)nEnergy'Es is ‘expended :.on the displacement of the recoiling

‘.

parts and is measured by their kinetic energy uvZ/2,

6) Enerzy Eg is used to force the rotating band of the projectile

into the rifling grooves.
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shell case and shell when the'ﬁun'iS'fired - energy lost on heat

b

7)- Enérgy E4 is expended. for heating the walls .of the barrel,

transfer.,

8) Energy Eg is confined in ‘the gases escaping through the
cléarances. between the rotating band and the wails of ihe‘batrei;

S} Energy Egjis expended on -overcoming the air resistance and on
the displacenennt of the air Eolumn»présepiwih the bore ahead of the
projectile.

Of the above nine forms of expended energy, the first five must,
be accounted for .directly, Eg is accounted for directly or Indirectl};
27 is a fore of heat -energy which éanndt bé easily determined, and
is accounted for indirectly for lack of a sufficiently satisfactory
theory and test data to permit determining the heat lost to the walls
of the barrel. The quantity of gas escaping tpxough the clearances
formed between the rotating band and the walls of the bore cannot be
computed and has a random value; therefore, energy ES corresponding to
ii is not taken into consideration. This applies also to energy Eg
which is small in comparison with the other egergy'valués.

The secondary work items will be discussed later. *te‘sball.note
here (without offerirg proof) that Eg, Ej3, Ey4, Eg are proportional
to the main form of the work done by the powder gases, i.e., Ej = mv2/2.

PO——

Hence, if each of these four forms of work is represented in the

form

2
E, = X, 2V,
i i 2
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ﬂfﬂfﬁﬁéxéuxl & proportionalit) factors, determined by mc ans of formulas
- o whichk will be presented later; thén the total amount of
:expended energy accounted for dircctl; can be expressed

;tikf’:} in. the form:.

S < 5 T8 v2 - -
AN . . mv ,

LS f% By = % ki«a— = 7= (14 Ky + kg + kg + kg)

. o\ B ) j . ' g . i )
sé:;_ < *} X 'w?i'k ; kz + k3 + k4ﬁ% kg

ettt .
. ~ - a

"i‘he'C? ééetficiént. takes into account tlie secondary work items,

und its nunerical value. for cOnventionar type weapons varies between

.

vg;ﬁes.
Thus,. assuming that the expended values of energies Eg and Eq
'will be accounted for indirectly, the equation of energy .balance
AQning,a shot will have the following form:
2.

T i e g e i e~ T 40 QN

- - - v,
- 9 cw*'tlw,t# -3 c','rw*v o= ﬁé—- .

~

This eéuution shﬁws that the difference between two thermal
¢onditioﬁs of the powder gases has become cohverted into a sum of
external work -items, where all the secondary work.itemé are taken
care of by the coefficient ¥ >1. If this coefficient referred only
to the mass m, rather than to the entire kinetic energy mv2/2, we
could assume that the work -1s performed by the gases for the purﬁose

of imparting translation with‘ghé same velocity v 'to a heavier

-

projectile of mass@m. ) /
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Thus, by introducing the coefficiznt @, the actual motion of

oo

the projectile with the secondary work done by the gases taken into

e

considearation, is replaced by a condition involving only the trans-
; 3 lation with the same velocity of a heaviel projectile .having a fictitious
i : mass Qm(*). The energy -expended thereby remains the same. Coefficient
Pis chlied‘;hc "fictitious mass coefficient.”

The introduction of this fictitious magnitude helps to simplify
without the introduction -of an appreciable error calculations involving
K :; . complex formulas. '
ﬁ; | ‘It would be more correct to calltf the—"seéohdgry~vork'coef{icient?"
A because: this value depicts the relationship between ‘the main and
secondary work ﬁtem§ (where the main. work is taken te be equal to
unity)..

Dcriyatioﬁ of the Fundamental 'Equation of Pyrodynamics

The energy balance equation depicts the relationship betwéen the
burned portion of the charge §, velocity of the projectile v, and
the temperature of the gases formed at the given instant in the
E initial air space. Neither the length of travel £ of the projectile,
nor the gag,bressurerp enters this equation. Nevertheless the
{ basic problem of pyrodynamics is that o{ finding the relation between

the distanéewﬂ traversed by the projectile, its velocity v and pressure

” . (*) The concept of a fictitious mass was introduced for the first time
by Prof. N.A. Zabudsky, "DAVLENIYE POROKHOVYKH GAZOV V KANALE 3-DM

PUSHKI" (Pressure Developed by Powder in the Bore of a 3-inch Cannon),
18940 * .
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i, . p exerfed by the gases on the projectile and the walls of the bore. o
"% 7 . Therefofe the ednergy balance equation must be transformed in such a °
.4 . wmannér ‘that it would depict the connection beiween the above-mentioned
i B SR . ' 2
5 - values p, v and . . o
f; » ‘ % e ’ ) i - Ex
H - w

¥e know frorm thermodynamics. thxt

R
AR‘— ;, "

’!hepcé

where .R ~ gas coastant;

{
Eép/éi = 'k - heat capacities ratio (adiabatic index).
E ¥e shall introduce for the sake of simplicity the denotation

x

K~ 1 = 0; then:

, ;c"-__R_.,
0

Az 4+ bT - Ay} -~ T Ag ~ Ay’

b 0~ M - -

Al+bT *

@ is a graduslly decreasing function of temperature. ¥hen the

gas temperature varies from Ty to Ty, the mean value 8' will
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, ™M + T
correspond to the mean temperature Tcp - —l—§-5 and the corresponding
vialue of cg:
Ay - A 1
e' Lo 2 1 - = LY
Ty +T A & BT
Ay + b«1*+ cp
0 .2 /
Then
e n—

Substitutiug this 'expression in the energy balance equation, wé

will get:
R ‘R mvz
— Tywy ~ ——— T 1 .
el‘t’o‘f'z

In order to exclude from this equation the variable T, we shall
replace the expression RTww, using as the basis the equation depicting
the condition of the gas powders at the given instant, corresponding

to the burned portion of the chargey:
P¥ = RTwy, (51)

where W is the free space in the initial air space (back of the

projectile) at the given instant:

¥ o= VW5 + sl.‘ ~ awy- %‘%(1 -¥Y) - \1‘,« + sf;
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here WY’~'£ree'space in the powder chamber at the instant the portion
" of the charge ¥ is burned in it;

s - cross-sectional arep of the barrel;
. s - added volume when the projectile had ‘traversed the distanco*ﬁ.
Xhen. using eguation (51), it should be borne in mind that it
fi@plieé to specific quanti;ies of gas in a stationary condition, where-
g§ we make the assumption that this .equation is valid also for the

conditions of a continuous gas formation and continuously changing

gas pressure and the space occupied by them. Bearing in mind that

RT, = 1,
we get:
5\ I . 2
2wy plxy + b - v ' (52)
e’ o 2 . ’

This is the fundamental equation of pyrodynamics depicting the relation-
ship between $d p, Vv and £. Actuilly, it is ‘the equation of
en¢rgy transformation by the equation of energy balance.
The left part of the equation depicts the change of internal
energywy kg of the powder gases when their temperature is lowered
from Tl° to T°, if the assumced mean values of heat capacity are c&
and 6'. The right part of the equation represents the total external
work done by the powder gases at the given instant due to the change
of their thermal condition.
T All the terms of the equation are expressed in units of work
(kg « dm). This equation it called at times the "equivalence
equation." The value of 8' is usua11§ transposed to the right side,
and the equation is solved for the second term:
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-0
p{¥y + si) - fo¢ - —«-,—ti’:;.yz
-2

or, replkacing Wq‘by~$f?,=We y&il have:

¢ . ’
s

ps(fy + L) ~ twy - -%— wmv2, (53)

~: . " # .

E ] This equation is also known as the Resal equation, first developed
‘ by the author in 1864, Hereafter we,shgyi consider the value of §

3 in tbefbgiance equation and in the fundamental equation as a value

T1.4+ T
o u.‘l‘_-.t._A_« ’ but ‘without its
2

. E corresponding to the mean value of Tcp’

s
»

prime index. The subject .equation contains the following variables
F‘ cgaracterizihg the elements of .burning of powder and of ;the projectile's
‘ - motion: the burned portion of the charge Y, the gas pressure p, the
length of projectile’s travel-z,,and its velocity v.
The length‘ﬂqof the free space in the chamber at a given instant
, . is a function of'Y . Actually,y is thke independent variable, because

the pressure imparting motion to the charge-projectile-barrel system

X .} ~
] is obtained only as a result of the burning of the powder and of
) ) gas formation. Nevertheless, all) the variables are inte;connected‘and
z ;ffect one another. In order to establish the relation between four
i variables, additional équations nust be had.
: These additional equations are represented in one form or another
! by the aforemegtioned relations for the burning law and by the equations
. of motion of the first and secoqd forms.

If pressure p is determined from equation*(52), we will have:
F-TS-7327-RE 291
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T \}’ - -:-thpzc 2
( 2

Wy + sf

préssure at a given ‘instant:

p-’-

,rg.pyroétgthS‘we:had the following expressibn for depicting

L

lﬁjsahéh as in the numerator of the first formula .a value is
" ’ , ; . @mv2
substracted from iw*lprOporfioual to the work $%§4, and 1n .the

erqnlbaﬁor the volume of the bore correspondibgltq the Qistancéz;
traversed by the projectile is added: to the free space of the chamber,

it becomes entirely clear that at the "same loading conditions" the

the work is performed by the gases, will be smaller than when the
powder is burned at constant volume.

pressure in the barreél, while the projectile is in motion. and while
1.

CHAPTER 3 - INVESTIGATION OF THE FUNDAMENTAL RELATIONS

THE BASIC ENERGY CHARACTERISTICS

-

The energy equilibrium equation is valid with regard to both the
first and the second period when the charge is already fully burned,
s

when ¢ = 1 and wvhen the gases expand adiabatically.

tw

In 'such a case
only the two variables T and v enter into the equation.
: _RTw _ ¢mv2
o

-

4]
Ipasmuch ag { = RTl,

2
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K2y

‘«?mvz . fw 'I‘) {54)
-« m—— ——— - —“"" . S
) 2 8 ) Tl .

The left side -of the equation represents the total exterior work

/
) done by the powder gases when a shot is fired; it increases with the

decrease of temperature T and would have attained a maximum value,
were it possible to cool the powder gases at firing to T =» O{_- F'}
.condition impossible in agtuai practice becauig it would correspond to
an efficiency equal to unity.

Nevertheleéss, if we assume in equation (54) T = 0, we will get
" f_mvgp [

> "9’ (55)

‘ i.e., the maximum amount of work performed by w kg of powder gases if
, ’ all the energy confined in them were utilized, i.e., if the gases were

cooled to absolute zero.

{9 may be called the "full supply of energy" confined in W kg
* ®
1 of powder, and the velocity-of the projectile Vnp (= V1imit)

corresponding to the full utilization of energy - the limiting or

naximum projectile vélocity.'
. The full supply of energy of one kg of powder gas will be

expressed by the formula

11 - L
8

This value is called at times the powder "potential.," Although
F-TS5-7327-RE 293
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) t?e quve limiting -expression for IT has a Lheoretical meaning only, g
speéiuse in- practice the gases cannot bé’cooiéd to absoclute Zzerc when ?
Aa shotuis‘tﬁred, nevertheless it shows that the working capacity of E
h»povdér g@Sgs cai be increased cither by 1n§rensing the forcc_(energy) é
- gg?ii Ti” or by decreasing the value ¢f @ -‘%B— - X k é
213 i : . ’ c,» .
V ‘The energy of the powder can be increaged'by increasiny the ’
.3pecilic’voiumg of the powder gases ¥y (uﬁder-nbrmal—cbnditions)?’or f
hyaelevafing the buriing temperature -of tlhie powder Ty. i

As was shown above, 6 dépends on the compoéit@on and ‘temperature
of thé gases: it decreases in value with increase of temperature and
increases when the latter is decreased.

| Hence 3 powder vith:afﬁighey burnigé temperature wvill possess.
a greater supply of work not only because of energy I, but also because

‘of the smaller value of 9.

Inasmuch as the gas temperature drops from Tl to T, when a

P - 3
. - Py

;v shot is fired (which corresponds to thefprdject11e3§ passing through
}FA . the nuzzle face), the value of @ changes. However, this change is
A§? quite small and is usually considered to be a constant equal to the mean
:’3 value of the given temperature interval. The value of 6 can be found
14 from the following formula:
{a )
t J)n%_ -
" g Cp-Cw AL A2 1 N
N - - - - - . '
E g Cy Ay + B2T A +~BF
120 '
A vhere
37 A By .
2R . A= r-"g—w— . and B = ——~—?L—r.
,:%v; . A - A Ay = Ay
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L

formula;

- 1
8 =

7
’

(T - 1y)

2.303(4) - 43) log 5=

% af . A1 - 83 T

-

« The average value of 8 can be found by means .of

dT

ril A 4+ BT T -~ 11 Tl Ag: + BlT

52 + 'BlTl
2 +e B;T

BI(TI = Ty

the folléwing

The variation of ) for pyroxylin powder with temperatutre is

given in table 20 /117 7.

Inasmuch as

——

T

greater amount of cooling.

Table 20
| %I 1 | 0.90 | 0.80 50.70‘ 0.60 0..50 0.10
,TOK | 2700 2430 1, 2160 1630' 1620 1350 | 270
8 0.185 | 04190‘5 0.196 o.éoz 6.208‘ o.215f1‘6f252
- , ,

is usually =< 0.70, 6 approaches the value of 0.2.
In most methods .used for solving the fundamental problem of
pyrodynamicé the value of 6 is considered to be equal to 0.2, Theo-

! : . retically.it'VOuld.have'been correct to use different values of 8

for the first and second périods: a‘smaller value for the first
period while the gases have undergone little cooling, and a higher

value for the second period at wvhich time the gases had undergone a

It should be noted Lhat the values of .the coefficients A,, B,
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may affect the value of Ty as well as the value of 6. Purthernore,

'ihq,hen; capacity values are expressed Ly‘mere complex relationships

than a: linéav one:.

According to the litest data, these relationships deviate from

\;gfiineat orie in the low temperaturé range; in the range of 3000° to

;iSQszoooé the rélationship Cg,t approaches a linear one €éven according

to these ‘data(*).

Solving equation (55) with respect to'ghp,,ve shall find an

}prression for the so<called "maximum ér limiting projectile velocity":

(56)

As was mentioned abové, the maximun vilocity of the projectile
corresponds to the full ugrfiiition of the energy and an .efficiency
equal to unity. .Although this value ¢annot be attained in practice, it
enters a;»i,iactor into the formulas for the projjectile velocity v
of both the first and the second periods, and the true projectile
ye}oc}ty isually increases with increase of Vnp' An analysis of
formula (56) will show thatﬁthe increase of vnpgdependS'on the supply
of powder energy f/e'anq on th&é-relative weight of the charge w/q
with respect to the weight -of the projectile q: it .decreases with
the increase 6!*?. Although the concept of maximum velocity can

be obtained by assuming that T » 0 in the energy -.equilibrium equation,

(#) A.M. Litvin, "TEKHNICHESKAYA TERMODINAMIKA" (Technical Thermo-
dynanics), 1947. )
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nevertheless; %q~0rdo;‘go apply the value of an to actual practice,
the value of 8 must bé taken as a’n aveérage value in the lemperature
rage of Ty oc.., Tq rather than in the Ty, ...., 0 range, because
in computing the true projectile velocity which is proportional to
Vﬂp’ the gas temperature in the first and second periods does: not -
*drOp‘beiowlﬁg; Thus the concept of maximuq véld@ity is a conditional
one,,énd.it;wquld be more appropriate to call it the "practical value
of the maximum (or limiting) velocity."

Later on, when attémpting»to determine the dependence -of qﬁoﬁ
w/q, it will be shown that the maximum velocity Viip tends towards a
definite value, rather than towards ithnrty, even when the ratio of
v/q is increased indefinitely.

The term "efficiency" siganifiies the ratio of the useful ‘work
done by the ‘powder gases xo\Fhe full supply -of energy stored in a
given powder charge.

The ‘useful vbrk performed by wWkg of gas is measured by the

4

kinetic energy acduired by ;he.projectile at the instant 1its base
4 . -

k nv
passes the muzzle face F“

t
]

the projectile).

, where va is theé muzzle velocity of

Denoting the éfficiencyby‘rn , ve get:

1

2
Ian .
2
L 2 . Omvx
2 1w 21w

]

In the case of ordinary weapons the value of {K varies between

0.20 and 0.33.
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.Certaln authors incorporate into the efficiency expression the

coelfficient of the Lictitious mass qrwhich takes into account the

B IR . v
P el

/‘ﬁui§iiarg work itens: Thus
mv 2
" r - ? %& <
N 4, N
. rade vz
3 L fp
- ,’Compaiing igfyith formula (54), we will see ithat
¥ . : B ‘. -, :
. IR L ,Tl' -.WT- - . .
Ty = = - ] = - . .
, Ty T )
STy =T ’
But T is. "the .coefficient of the Carnot cycle performed by an
‘1
1de&1»gas"(‘), and would have represented thé .actual efficiency of
. the cycle in the absence of auxiliary or secondary work done by the
gases and in the absence of parasitic resistances vhich the gases
must overcome. ‘Therefore, in order to cérrectly depict the efficiency
of the powder in a weapon, ¢ should not be included in the efficiency
éxpiession. _
Thefqipvalue is of great importance in the theory of ballistics
.developed in the USSR, because it takes into account'thé totality
il of the work done by the powder gases in the weapon. .
;E In some textbooks the full amount of work is-expressed by
i” (*) 0.D. Khvolson, "KURS FIZIKI" (A Course in Physics), Vol. II,
A p. 451; 1919,
%10 *
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the maznitude @P“ - EG, But FQ 4 /@ because O ishthc quaniity of
heal determined experimentall; in a calorimetric bomb when the gas of
the burned powder is cooled f£rom the burning temperature down to

t - 15% (or 258053. The magnitude —£— is the work the gases would be
capable ©f doing if -cooled from the bgrning temperature of theé powder‘

L~
Ty to 0% rather than to 2889K.

Hence the relation bé&tween EG and —£& will be expressed by ‘the
e .

£
EQ [ Y (l’, 1o ?—.—8.—‘83,
9\ Ty/

i.e., ¥Q is about 10% smaller than fﬁ—, bécause‘Ti = 2700-2800°K.
e .
This condition must be taken into account when determining the

formula:

efficiency. If the value of the latter is given, it is of importance

(in which case

to. know whether same is taken with respect to
’ ¢]
it will be smaller) or with respect tc EQ (in which case the e{ficiency

will be greater).
) "The coefficient expressing the utilization of a unit of charge
Wwby weight" is expressed by the muzzle energy of the projectile

mv )
—2. per unit weight of charge w;
2

2
= X kg + dw/kg.
2w :

.

This value for specific gun systems approaéheé a constant, and
dependsvmainly on the relative length of the gun, the powder thickness
and the point at which it is burned (burning location). o

¥or short-barreled, medihm~caliber guns, My= 1,200,000~1,400,000
kg - dm/kg or 120-140 ton « m/kg; for small arms, Wy= 100-110 ton - m/kg.
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For fully chaféed nowitzers Y~ 150-160 ton ¢ r/kg; .\lw"lecreasad
with ihe decrease of the charge. As the muzzle velocity of high-
7/ 8
‘pover artine:y units is ingreased, the relative m"ci*ght of the charge E
‘stA/q wust increase also aid with it the relafive work A/ec“ss'xry for a
. 1
. d;sp*la,g;ng the charge i‘pself (gases. and powder); as 3 result, the -
'_ .~ relative useful work done in such. guns becomes decreased and the
.value -of \\w;drgpé to 90. ton . m/kg and lower. 4
¥ The value(of \\w cap be used for the approximate computation of the
, weight of charge W necessary for imparting 2 given muzzle ‘vel'ocitz
Vp to a projectile of .a given weight (mass) q: .
A .2
mv y rd
(p- ...’_-.....’_1‘.. :m -
; 2
\ ‘.\wa‘nd: ry are linked by the simple relation:
~ N
= Aw s T
A 6
3
F In certain applications of interior ballistics of great importance
is the ratio between the meua pressure Pep 2t 2 given point of the
pro:’]ectile'g travel and the maximum pressure p, in the bore of the
3 . ] pcp -
4 barrel (\‘- ).
3 pl'ﬂ
i e The average pressure during the period of time it takes the
; projectile to move from L-otod -'Llis
E : : \ - pcpa
i A s
; pn
I ~ :
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Fig. 88
Left: mean pressure when shot is fired.
Right: mean pressure as the characteristic

of progressive burning of powder.
The mean pressure at a given point of the projectile'*s travel is
that pressure which develops the same amount of work as a variable
pressure, starting from Py passing through the maximum point and

then decreasing in value.

2
Since the work done by the gases is depicted by the area s & pdﬁ,
we can f{ind Pep from the condition o
L
spcpi,- s S pdf.
0

In cther words Pep is tne height of a rectangle whose area, when
the base is'L, equals the area bounded by the pressure curve.

This‘is clarified by fig. 88,a; it also shows that as the leagth
of bore travel 2'13 increased, Pep decreases and has a2 minimum value
when the projectile traverses the distance.lx, i.e., at the instant

the projectile leaves the gum barrel.
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lt a{ter passiﬁh poxnt p,, (Tig. 88,b) one pressure curve 1}

18

~

A g;‘ ;pibqeeds above the other curve 2, this condition indicates that the
C ;?; 5«»° Pe

- -e;n pressure and the ratio L for the first curve are likewiseé
PRSI ,x*» Pm

s ﬁjﬁgrezter than for the second curve, :

s % - ~

& S o

@ megp -

e s
DA L X I

E . And inasmuch as curve 1 points at more progreasive burning than

v

e ’ curve 2 the coetficient‘\lalso serves to depict the progressivity

-olAburuing' the greater the value of”\x, the,more progressive is the g

B "‘,

burning*of the povder in the bore of the barrel.

Inasnuch as the characteristic WA of the progressivit) of burning
iuit be known under certain conditions of firing, and only Py a0d v, j é
iCQn be detétiineq‘by‘teSt when s,‘lAJ q.;nd w are known, whereas the
ch;bge of pressure p vtth<retérehce to L s of ten unknown, Pcp and
then \ulame conputed on the basis of the following considerations.

It is known that tﬁe vork .done by gases alqné the path.%g equals
m V.’?
2

1

%

|

\ .
§
!

4

pdl; 4

o#—*j*v

oh the othéi hand,

Sl e\ Wl

3N
\ s g pdf.~ sPepaly -

et Pt - Yk

Therefore ) ) .

TN e
®

o) b it

‘whence
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1 : Pn 2skipy  2Wipn :
3 ;‘ X é
1 . " Inasmuch as ‘the denominator in the expression for ‘\A fncludes f
the swept volume of the bore .W,x,\\x, is often called the "utilization
/‘ coefficient of the swept volume of the bore."
,1' Thus, in order to determine \.;whgn a gun is fired, it is ;
2 surf’iéient to know.; the muzzle velocity of the projectile ifn,, ‘the ,
maximum gas pressure Pps the weight of the projectile, the cross- ‘
;] . sectional area of the bore s, and the full length of travel of the ?
projectile '!'k through the bore of the_ gun. ‘
‘ %
- For cannons, the value of \nvaries within the limits of 0.40 and !
o . )
0.65. ' ' |
¥ The W, ratio can also ‘be interpreted in a different manner. 1If
1 ve divide each term of the equation by slnpm,
: Ly
! h:d A :
¢ ] ’ P 86 d L ]
£ ) gnvy Y P L | XO pd g
., ‘ - - - - » :.:
] ) zs,llpn M ngn ;
-l '
M . . ) . %
: where the right part represents the ratio of the area bounded by the :
. true pressure.curve and the x-axis along the path 1Ato the area of a
k rectangle of height p, tod base l'll‘ This ratio will thus show the ~ :
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teristic depicting the utilization of the entire barrel Space,

<.

5

gﬂiiéégten called the

I

LN

A vincluding the powder chamber space.

w “ , A
4 k4 -
Tk ~
e k4 ¢
“ o
. L s © ~
e - v
. PRES .
v . s
“_ e
. . > N T
I3 & v -
~ L Fe ”
. ¢ s
. B
v N ¥ -
IR T _.
., T
S, p

RN

«"va

5;(f;7‘vere equal lo: the maximum pressure Py

(Ilg’ B9).. }‘o: this reason \JL

“coeftxcient of area closure oa the'indicator p,

‘Sﬁi ) Tha follovlng characteristic can be introduced into the charac-

Q’mv }L

Rp-=

®

’ entire bore space-"

‘Lt can. be eisiry seen that

w

23(20 + Eg )’P;‘,

2‘! Klip

vhich may be called the: "coefticient of ballistic utilization of the

,

4

Ry = Mn 2w ’“L'L“‘<‘1n'

Yxn

=
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3 Fig. 89 - Utilization of the
Swept Volume of the Bore.
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f Graphitally Rﬂ_determines the ratio between the area bounded by
‘ the true pressure curve and the area of a rectangle of héight,pm~and‘
i base By +4y or ¥y + Wy {fig. 90). ”
1 2. THE DEPEKDENCE OF PRESSURE .CHANGE OF POWDER
GASES IN THE GUN BARREL ON THE CONDI1TIONS OF
. LOADING
i, Using thé pressure formula from the fundamental equab&gn'og
% pyrodynamics (53)
’ & 8 ym 2
’ oy - =i A §
. p s-q, 2 s
-~ - e :'A
; 1"?' +L ' .
if let us investigate the change of pressure with relation to time and:
?' the path traversed by the projectile. To do so, we shall find the -~
; » derivatives
dp dp _ dpdt _ 1 dp
) . : dt and de dd v dt”
i
: ; Differentiating p with respect to t, we get
RN d . 1. [tede 8gmdv _fdly  dR) |
A dt uwl,) sdt < Yo - P& dt y
s -
SR " Bearing in mind that —
]
[ i $
1 ' dy 1 S g
3 4 — & u.p = — dp - Ip;
% dt Ay S, 1 Ic
) JL
B | R ¢m dv
1 , s dat P
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‘e, EX ) . h d& - Vi,
o“ s;ﬁ o . dt
. Y d(ﬂé@-av) av <
Gy Y e el g — = o E6p 2 calp o~
: e < dt at Iy
. 3t . ;9 ?’”
PRGN
S A;: v e
; LW .
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- dnd.substituting thes in the dp/dt forsula, we get

:'o\" m(lv«#‘) l~ :,

v i

3

‘ 4nfluerce. - \

”
s

: takeg on the for.:

-

dp) < 1w EEQ',( 1 Po
‘(.dt‘ o 0Ty Uty T

0
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(57).

.Tbig formula shows that the nature of pressure increise as a

function of time depends on a larg% number of factors of varying

At the start of motion when the rotating band is forced into

‘ < ;
the rifling grooves p = p, Leo, vao, f@* lib, and forwmula (57)

I S

e

‘,:“.s.i oo o

e i

o A oA L8

R




Therefore the rute of pressure incresse at the start of motion:.
is proportional tno the wedging pre55une‘po,*ehe powder energy 1, the

. - 1 R .
welght of the charge W, the cexposed arva of the powder -— = 3E , the

A e

rate of powder burming at p - 1, 1.e., uj, ana‘inv&rsclylpropgrﬁional_
to the free space of ‘the powder chamber SL*% at the instant iadging‘r
occurs.: Inasittuch as the .exposed area of the powder i vaersely“ N “
‘}:xopqi‘tional to the thicknesz ol the powder, (g%)ﬁ 15 likewise inversely
proportional to thé powder thickness ej. The 1;r§f term in parentheses
in formula (57) also depends on. these magnitudes, which termaexpresseé
the intensity of erergy deve}oped by the powder gases.,

1f we replage giull%fby ﬁ%“lGO" (o, ¥e will obtain the g‘ddtt‘ionai~
.condition where (g%'HO is proportiional to ﬁo for Y= %b; and since
we had seen in our analysis of the physical law of burning that the
outén layers of pyroxylin powders have ‘an accelerated rate of
burning ( MNdevelops ballooning), the pressure increase in this case
will also ‘be more jntense than in the case of uniform burning ‘u;
assuned in ‘the theoretical law.

Hence, all other conditions being equal, the pressure curve p, t
in the case of ‘the physical law of burning must proceed in the diagram
above the .corresponding p, t curve representing the~théoreti¢ai~law.

Formula (57) gives the tangent of the angle of inclination of
the pressure .curve as a fuéction of time. At the 'start of motion the
tangent of the angle has a specific limiting value depending on
certain loading conditions (fig. 91,a); it becomes zero oniﬁ‘wheh
pPo = 0. In this case the pressure curve as a funétion of time is
tangent to the x-axis (fig. 91,b). This condition is not encoun;ered

in actual practice.
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The nlture o,t prpssure increase as a funciion of path £ is 7
é

»expressed B)ﬂ the 20110ving Iormulw‘

(59

o g B

’ Left p, t ‘curve at Po >0 right: p, t curve
. ’ i:":;y"’:‘ S .t po = 0, ) N
) u f At the start o{ motion P = po, l- 0, v~0, 6~ dg, LY"'VG’
i nmlo uiis'mnch as tb,e- 1@3‘?? ggrn in parenthesis is reduced to infinity,
"fherévtér'e‘;;fﬁfe ‘ordibate . to the p, L curve .at the ‘
start of notion (fig. 92). .
vy :
4 . - - . - .‘ * )
rig. 92 - p, yi curve; the p-axis is tangent to
the p, £ curve at the start of motion.
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] In order tOwobtadn~maximum,pressu:e,‘g% é;.%% must be réduced to -
g g ) zero. Hence the condition at which«pm is obtained has the fors:
s »
; o ‘ 1 P, : ‘
1 t WX 1+ = B)ov(r+0) =0,
. A s Ig » | 91 £/ m .
3 N ’I

. or .
P
t ¥ 1+i—i~“),—.(1+e)v,
s & £ "
i Where ’
S
4 L el - “l“-'u"' .
k ~ ) :
! if the requirements are such that the pressure must remain
E' ‘ constant for a certain period of time after attaining 'a maximum value,

% condition is obtained which must be satisfied by .a change in surface

area 6 or by a change in the burning rate u;:

3 g ) . P
P fw Xgu, (1 + L 2Vl @+ eyvs.
] €1 Jl .z ' -

This condition can—be formulated as folloss.

el A NS AET

In order to maintain the maximum pressure constant for .a certain g

portion of the projectile's path in the bore, it is necessary that the -

.,
R . N L

. surface area 6 of the powder or the burning rate uy change in

g e

E oy "7 proportion to thé projectile velocity v, or that the energy imparted
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'Q-,hy the povder gases at p - l(fwr‘) be proporuoxial’ to the rate of

4’ N
34’ oo

~'5

oﬁ" 't';'

-
WD O Dk R VY
Lo

';' 5 volune chunge 1n the bore when the: projectile 48 in motion
.:,:.f’ :3""00 v:: ”; o . B . ) ;
S o B Q:}»;":', :,: v 2 ' . RONEEE ) (sv ﬂdz ‘- )
T . - %' £ it :‘;u A :’:’ = ; — 4 o—
ST - P TR T

o e o S,

) } Tlse pressure decreases after passing point pm' the expression in

. d
4 p:renthesis becomes negative, T <0.

o,
S AN,

~;V . ~ ,Q}-,« ‘t}ge,,‘endfaof ’burning &t W= l, we get .

R ) . I P RIS L' PN,
AT IR .———', —— - "1‘ G e e B 1 d B - - . N K
e u(gt)«*‘ {8 I‘ g [+ + (a &)T J 1+ 0)ve}. () | i

©
>

[
v

o

fz*‘x

v

) ’Up'qh‘ent"erripg the second period the pressure equation tikes on

’:"’tvi'a“q toi‘ls. ‘ .
A 1_v2v . :
. . fw / np v 3,

;'xm' . . p-.-’ e

oL 311+:,

"Difforentiating, we gét:

P L s an Y e P, dp P R !
at - "4 AT ALY el

. . - - - I
for the atart of the second pex"iod e —— i
ﬂ(g%) - (1 + »e)f_xp_"ﬁ... ‘.’B) - -(1 + e)....!..._, 5 ;
, (0) R+ 2 \dU(0) 2+ £y R
v e ’ %
Comparing this expression with (*), we note that at the instant -
"‘—o(- tgranaltgo'n‘ from the first period to the second, the derivatives
-dp/dt and dp/dL undergo a drastic change (a jump), the preéssure curve
F-TS-7327-RE 310 ,
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)sugxeés a brenk, and the absolute valuz of the anglf of imcliratiosn .

increases because of the disappearance of the first term in braces .
in -expression{*). _

. Thereafter the angle of inclination of the p, t and p, 2 curves 
’$e¢bmes sﬁallér;:bécause p: decreases and ir +151npreases; at the

instint of the prdjfctile"Sudepaﬁture from the bore:
o :‘(%P-)' - -+ e;;-m-&-- (l - —(1 + 0):
- ‘"\‘t‘n

3. THE EFPECT OF DIMENSIONS .AND SHAPE -OF POWDER
ON THE GAS PRESSURE AND PROJECTILE VELOCITY CURVES. .

‘tl +£R

An analysis of formulas (57) and (58) will show that the pressure

o

increase with respect to time and as a functicn of the path traversed

- AR
N

‘by the projectile in ‘the bore mainly depends on thé term in brackets
fgﬁy- fqziuné ;hich, for a given powder energy {; dgpgﬂds on the
1 . ‘prdduétA/P,P being the intensity of gas\forﬁatidn at p =~ 1,
By changing the shape and dimensions of the powder, the magnitude
3 1 %f 16 which we shall denote by ¥, can be‘varled at will within
i wide limits. | ',

., The dependence of the change of ¥ and & on the change of the
powder grain shape 18 known from pyrostatics.ixThé,change of the

‘pressure curve p, .1 and of the projectile véloéityvcunve v, L with

respect to tle &oiloving can be illustrated by means of an example:
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cg S Y Ok % Vi/ ,A' Q- ") - o ” R . . )/,f/D : - il ~
. - .
-k ?;'ix»
s 3 Py
,~z~‘° . - 1’;4 “
) ‘9 , 1) chanbe -of 5mwdm.r s:xape at t,he same powdor ‘thickness waud the sane LE
charge aJ rmd R A ) ;‘ -
.
”) chant,e of powder mickness at the suune pmder shape (¥= const, ;
‘Yanes acconding 10 t’he same law) and at W= const. 5
L., ‘rm el,tecf: of the gxmin shapé wher the thickness remains the ;
"aﬁqug. !le s‘xall assume ior t‘ze sake of simplicity that e; = 1, oy
: ih"*@hi‘ch case t«-wé At the start of burning at z = 0, &~ 1 and
’Io -* The change of I corre.sponds to the chnnge of é. At the end
l“ol burning at” z - ‘1 T 3
. ’ . o - . M ) . ;«b %
- BY vjta’_king general f‘grinul'as for five ‘regressive powder shapes . k
‘and qs;‘xig, nuwerical datz, we obtain table 21.
Table 21
Shape of;FO -X | P I =R DIPRES 1 E, =%d, }
Powder | | gk K K : 0 61{ K R
Tube 1+ 8 l -8B 1.003 0.984| 6.997
) I 1 48
1. ‘ T -8 -8 t
iStrip L1 + a4+ 8 . (v o A — ,“), (1 =-a)(1 -8)}11.06 | 0.8% | .0.943
: k . 14+a+ 8
4 . . 1 - ‘ ,
Plate. 1+ 28 _@_____?__);_ (1 - 5)2 1.20 0.675! €¢.810
b L+ 28 ‘
1 2F \
g Sltt.)__jr 24+ P 0 ‘ 0 ~2.0 o I 0
Cube | 3 0 .0 I3 | o 0
Upon. plotting a graph of the change of L with respect to z,
we wil) obtain the diagram shown in fig. 93.
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rig. 93 - Crange of £, z with Change of Powder
Srape ‘when u)nnd ey = const.

1) tube; 2) strip; 3) square plate; 4) rod; 5)
cube.

The I, z diagram shows how the rate of fas formation changes when
we cut up the same strip inte square plates, then into strips and
tinally into cubes (see fig. 23).

The calculated action of these differently shapéd powders (2, 4,

5) of the same thickness in the bore of a gun using the same charge w

by weight gives a diagram showing the changes of gas pressure as a

function of the path traversed by the projectile in the bore {fig.

. e e s -

94)..

These curves show that the strip generates a pormal pressure

Py = 2380 kg/cm2‘and a muzzie velocity‘\{n = 590 m/sec, whereby the

adiabatic curve of the second period attains the greatest height and
the muzzle pressure is maximum.

Rod- 4, whose exposed area is almost twice as great at the same

powder thickness, generates almost double the pressure - pp = 4600

kg/cm? - 656 m/sec because of

the large area of the p,,b curve depictling the work done by the

and: a considerably higher velocity vy

A . B e T A N - [

gases. The adiabatic curve of the second period drops sharply at
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,liﬁhe’eéd.qizbéfning and in descendlng intersects the curve of the
firsf period of strip powder and‘%;es below the adiabatic curve of

,26;,}p£;§t;ip powder. ;3

::u’ > = - - . ) - L
The point of maximum pressure moves towards the point of the //* ]

;gtaigﬂbg notion; éé does the point representing ‘the end of burning. i
B "IE = 0.34 for the strip, 0.18 for the rod, 0.128 for the

cube. Inksmuch as the exposed area of the cube is three times as °;§
) ) 2

" great; the cube generates a pressure of py = 6200 kg/cm? and a velocity

-
o

'l!ga--681 i/sgc because of its still greater area Spd? thaa that of

“

.t§§ rod (slab). The adiabatic curve of the second period lies still E:
rgowe% ;hd,g&vés the lowest muzzle pressure. Y |
~ Thus, using the same powder thickness e; and the same charge by

~ie%gbb, we find that of the three powder shapes compared above theé

. lowest pressure and the smallest veiocity are produced:by strip powder;
The rod (slab) increases the pressure by almost 100%, whereas the
veloc{ty vy increases only by 11%; the cube increases bn.almost 2.6

times and the velocity by 15.5%. 1In this case the regressive shape ]

produces the maximua v, , but at a pressure which is almost three

times the normally allowable pressure. Hence, if the requirement, ;
a8 is the case in actual practice, calls for the same pressure pp with
powders of different shapes, the area of the jpdl curves obtained

yith:powders'of greater regressivity will be smaller than the area

‘ : ‘obtained with strip powaer, and the velocity xxwill be smaller. This
; - represents the aivantage of strip powder »s the more regressive type.
% ) For purposes of comparison, p¢»2 and v, f curves are presented

in the diagrams for the case (o), in which the powder is fully burned ;

s
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in the chanber before the projfctiie starts moviug. This is the case

of "instantaneous powder burning® in which the dimensions of the

powder are infinitely small., This wopld ebtain in practice when

using dry powder-like pyroxylin. K k
In suych a case the pressure curve starts frow the maximum point, ‘ i'i
which pressure (11,700 kg/cmé) is calculated according:to the Noble ‘;22

formula. " Thereafter the p, Ll curve isuentifély adiabatic irn character,

and the curves corresponding to various powder ‘shapes arrange them-

selves in a proper manner (according to the established law) with

respect to same. The obtained velocity A wvas found to be equel to

690 m/sec - i.e., the greatest, but the pressure p_, was almost E

S5 times as gréat as p, when strippowder was used (me" 2380 kg/cmz).‘ c 4

"

-
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Fxg 64 ~ The FEf{fect of the Grain Shape on the Pressure
Curve Tnside the Bore.

1) instantaneous burniang (0); 2) cube (3; 3
slab (4): 4) strip (2); ordinate: g/cm2.
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The effect of web thickness on grains of the same shape.
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£
~3§ Table 22 - Magnitude
LE s v < e e mn [ ~ o e = i g e e 2 4 onom < oo —
o : N s K ! . - :F
i Ihickuess of I, - R {S,-AUff‘ Do, kifen® |y w/sec |
¢ S lrap ?"I . 1 K 3 :
P o L.B 1.414 {1,256 3340 | 632 1
3 1 2.0 1,060 0.943 . 2040 575 e
. ) - ) ) : ’;é
X 1 2.5 0.848 0.744 , 1450 485 3
—_— ’ SR, s
. The ( &, z) diagram in fig. 95 shows that thinner powder generates ;E
‘ a. greater quantity of gas in a unit of time ‘than thicker powder. The 5
gas supply during burning caun be regulated by changing the thickness i
. of the powder. v ‘5

k :
H - . -
% FW S N il . W*:,f\fuvf}: o atis o
] T Fr 7]
; B DS 1 T ‘ ’ |
i » ‘ . X »‘*',.‘;w “\ ’ 5.
ot éé Zoa ] LN :
o ] é"’ f«, S I ) |
SERTEEE U » i : - a :” A f -
4 ;éugﬁ,m,}m.,?»—, ) LA T FS - e ’ :
) Fig. 95 - The Dependence of Fly. Yo - The Effect of Powder
S | the Intensity of Gas Thickness on p,f Curves in ;
L Formation on the Powder a Gun. ]
Fog Thickness. 3
{ 5 The calculated results of the action produced by these same
. powders in a gun using the same charge can be seen in the diagram of :
f* " fig. 96; it shows that thin powder 1 genecrates a P, which is 68% greater l
? than normal pressure, whereas thicker powder 3 generates a pressure .
i ' j
: py, vhich is 31% lower than normal pressure 2, ]
§ .
4 * The muzzle velocities va are 632, 575 and 488 m/sec, respectively,
‘ wvhere in the last case the thick powder dves not succeed in getting 1
o) F-TS-7327-RE - 317
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2?_‘fgiiy~bunnedAinstde tha.gun‘baxrei;,aud hence the energy of a portion

'?}Q%}ﬁ%ﬁuéhaﬁgé.13v50t utilized at all.
. 6 aﬁd,éﬁﬁeixsibn& of g"powdef when firing a gun, and hO!’ the inflow of
g;ses an be regulated and the desired rate of pressure change can

\ be obtiined by varytng the thickﬁess of the powde;\Ih combination with

‘5jziv T! the requirement i3 such thxut p wmust not exceed a given value,

weapon.

~

-
W

¢ o

“The two examples cited above show the importance of ithe shape

e

@ AT e Y v A e

itt shape._

-~

the nost regressi?e Jpowder wil), ‘be most sultable for the purpose,

= ntaely, tnbular,powders of the»xaricus shapes considered here, which

npproach the closest a povder with a constant burning area: It is

,pogsible hpvgvgr to obtain a progressive powder shape whose surface

_area increases with burning, snd thus improve the efficiency of the

‘CHAPTER ‘4 -~ FORCES DEVELOPED IN A GUN WHILE THE
PROJECTILE 1S MOVING ACROSS THE RIFLING

.1. THE RIFLED BORE. BASIC DESIGN .DATA.

The bore of a gun barrel ismr&LLed’for the purpose of imparting
a séinningznotfon to- the projedtx}e. The angle a ‘formed by the grooves
-with the generatrix may be consta;t,(ritling with a uniform twist) or
variable, with ‘the angle og twvist increasing towards the muzzle (rifling
with an increasing twist). The stability of the projectile's flight
at a given velocity depends. on the angle of twist a. The projectile's
spiaoning motion is 1mpar§ed‘by the pressure of the driving edges of
the 1qus, which; in the case of a right-handed thread (c¢lockwise
rotation), is provided by the right-hand edge of the lands (fig. 97, a

and b). These edges, upon encountering the rotating band of the
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A
HE SN,

'proqectlle, develop a resaistance N, which {oree is wpplied ¢ the

i Ed
¢lovkwise. A similar but a directly countepracting forcse X' ds

FFEATE WDS

- -

center of Lthe protrudiug basd and forces the projectile to rotate
imparted by. the projectiilé on the driving edge of the thread. Due
to the elastic properties of the walls -of the bore and the rotating ,
band, radial forces §}nnd frictional forces Y§ origannte on the

contacting surfaces (see fig. 98).
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Fig. 97 - Rifling 4n a Gun Barrel

1) barrel; 2) projectile.

-
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'

.
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R PP P

Fig. 98 - Forégs,Acting in the Rifling Grooves.
lé addition to the iwist angle a, the grooves are characterized
by the land width a, the width b .at the bottom of the groove,
depth of grooves t, and length (height) of driving band bo. The force

N
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PR ‘ N‘is dlgtrlbuted over the area botH ¢ cos a, but iuasmuch as al a = §7,

Lo, i cos o -‘U 99 =], the avea botH is used for computing the stress in

’:ihe groove and che»rotntkng band. Ia artillen; pieces the value of

. s usually taken as tu ~ (0. OL 04 O°)d, mhere d is 'the caliber of

. ~the ‘bore or the diameter between the lands; bo,v 6.15d:

,.;?» . POF sngll-caljber vespons t, = (6.02-0, 04)d.
ihen the ptoﬁectile moves through the bore, the gaseés exert a
& i'féressu;e on the base 0f the prpjeétfle as well as the ridges of the
V iirofatlngvband formed when the latter is forced into the grooves.
)7 Tberefore the cross- secti;nal area s of the bore is greater than
!B /4 and iz calculated approximately by the formula £ = (O-SO?OwSB)dZ'

N

'«brnb)mmeans of the more exact formulsa

’
L

. R . 2 '2\
. ! R . - ad B bd 1\
- 8 = X[ . sz‘+ b —q’ - K : L
4\a+ b a+Db 4 a+b ’/-
v o .
't N2
2+ b S— '
) oy 2 v d
T - - -~ .Lr..d . - - .
4 a+b

The latter is obtained if we subdivide the whole area into pairs of
sectors of diameters d and - d' resting respectively upon arcs a and b.

O0f the two sectors subtended by the given angle, the sector resting

S R e e e S R R Y
y i S oy ; by o oY S rad

I

on the land of the rifling occupies the portion ; : b; and the one

. resting on the bottom of the thread occupies the portion ;4:—3.
1f we equate this area s to the area of an equidimensional circie,

will represent the true caliber of the

T TR g
>

the diameter of the latter d
= al

1
H ‘bore.. It may be sssumed that the force N spinuing the projectile about
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its axis has a lever-arm dl' For axrtiilery pileces d' =~ 1.02; dlaf,L@Gqu h

!' ¢ f
l'adz + .bﬁ 2

d, =\ [t
1 \/ a+ b

The‘reqhired~number of grooves n is»usuaily determined f{rom the

formula
.@ - (393.5chm O n = 2¢¢m + 8

rounded off to a multiple of four (n = 4 for small arms), in ordér to
be able to cut the boré sihultaneéusly vith four cutters.

In addition to the angle of inclination a, the rifling 4is alsoc
characterized by the lead of the thread h, i.e., by the length of the

generzting line equivalent to a full turn of the thread (fig. 99):
h = wd cotan a.

mhe:%% ratio is called the rifling twist .or the lead of the rifling

in calibers:

w
‘tan a \

AT S
L 4

h/d is usually given in round numbers (20, 25, 30...60) and the \

angle of inclination a is determined from thewm:

) od , \
0 = arctin —. \
h
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Rifling Equﬁtion. Khen the cylinder of the bore witd an

iucrexsing xiflinw twist is developed on a plane, the rifling appears

ns » pnrabola {(fig. 100), vhose origin and angle of fnclination a = O
lie belov the Actual thread on the extens:on of the thread curve.
;gj~ The equabion for this parabola is:

:’:44' ~: 2- - ) - 2
T - x“ = kyory«= Ei;,

dy

tana =

2x.

d tan Q -

k

T dx

k

Z . const,

-
L 14
= &

. 8.
-

3
E L
-
:
g ( q
7
]
&

-

e Ik NG A Aok A s

oS, Y
Y >
by

Jdeee,

dx

the change of ‘the angle of inclination versus ‘the distance x

remains constant.
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Fig. 100 - Increasing Twist Rifling

Pig. 99 -~ Uniform Twist
Diagram

~Rifling Diagram

. $
Since the angles of inclimation a and=a2 at the beginning snd

1
end of the rifled portion of the bore sre known, the constant k can

be determired. Indeed:
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1

& S s

@ b, pt

i,

N

Al i

vy

2(c + LHp}

Tan a. = 25, - . PR
tan ay vt tan 1, =- T s (50)
wlience
2L :
X e I 5 , S (61}
tan az,r Can ql -
and. ‘hence
d_tan a tan a, ?ﬁ?ﬁafi_ « const.
—dx LH§

‘The last expression enters into the formula expressing the

!

‘pressure exerted on the driving edge.

Bearing in mind that x = ¢ +£n ’ vherezn is the path traversed by

the rotating band in the bore; and finding from (60) that
tan Gl

.k
C = - tan a_ = — - - Lys»
<2 ¥ (tan az\- tan ul) Hp

e o

we will obtain the relation tan a = é% X from the patb;zn in the form

. “ 2(C + Ien) .
tan a = ‘ - tan a, +(ten &
k 1 2

Ep
IQQaries from zero ;olzn - jp{- a, where & is the distance between
the base of the projectile and the forward edge of the ;otating band.
‘We are presenting below the characteristic of several guns with

relxtion to the weight of the yxecoilding parts QO’ the weight of the
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b 30 ptcjec&ile q, the wexght of the Sharge w nnd the type of rifling

i ‘-l'uged(‘) (Tqbla ?4)
> 7
2. TﬂE RFSIST&*G& E\TCOU\‘ [ERED BY THE ROTATING BARD WHEN FORCHD
IBPO THE RfFLIhG GROOVE~, PRESSURE 10 OVERCOME THE INERTIA
- : OF THE PROJECTILE.

o~

R a‘; . a;f lhen the projectilc is propexly seated the forging cone ¢f zhe

band -ust benr against the chwmber cone and partly enter the tapered

A\r;

. 'eud of the ritling (fig. 101), this prevents the escape of the gases

'531 o ern the chamber. As the gas pressuge incrcases, the band takes

<

the grooves and fully enters the latter when the rear edge of ‘the band

f.gs approaches the end ct the groove taper (point b). The rfotating
band resistance is maximum 2t this point. Theé force II_ acting

0
11
on the crbss-sectional area of the bore s, i.e., h;g - po kg/cmz,

po overcoqe the inertia of the projectile.,”

Fig. 101 - Rotating Band Entering the Rifling Grooves

1) connecting taper; 2) rotating band; 3) rifling.

»

ES

-

(¢} For rifling with an increasing twist, %} is given for the angle
‘pt:inclin;tion-at the muzzle face of the hore.
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Tpon 654er1ng the grooves to its full lengih, the copper band
daés«ﬁaz Un e further deforsation, and the projectile continues

1o : ove sith the ridges fully formed on its rotsting band, following |

/%hich the pressure undergoes sz sudden drop.

Fig. 102 - Change of Resistance as the Rotzting
‘Band. is Forced into the Grooves.

\

a)fkg/¢m~; %b) path of projectile.

The resistahée of the walls and grooves of the bore against the

~

rotating band as the projectile moves through the barrel is determine

by forcing theé projectile through the bore by means of a mechanical

or bydraulic press; ‘This method was used by M.F. Rozenberg at the
former Obukhov Plamt ih 1888 and by A.G. nﬁturdn at the-formef Putilov
Plant in 1B33. ﬁo%ever, this slow, static cold broaching operaticn
usually produces high resistances between: the rotating band and the
bore due to ihe presence at‘the N. BN, §~ and V§ forces.

The diagram in fig. ‘102 shows the change in pressure p = I11/s
‘when forcing tbe band into the grooves and moving the projectile tﬁrough
a 76-mm gun 1902 issue. This diagram was obtained in tests conducted
by (XOSARTOP) in 1925.‘ It shows that the pressure developed in the
76-mm gun 1902 issue by the gradual forcing of the band into the

grooves increases-Trom 150 to 250rkg/cm2, and abruptly drops to 70
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. !:g/cm"2 after the band is fully wedged in thé grooves, following which
~§t slowly decreases to 30 kg/cmz‘at the muzzle face of the gun.

{inder actual firing conditions, the walls of ‘the barrel znear the

- rotating band undergo elastic -deformation undér gas ;pressure .p, whereby
the walls are displaced -or stretched from position a ~to position &’
“(f1g. 103); this deformation -is transmitted for a certain distance

forward and weakens the action of forces é and :vé.:

Fig. 103 - The Action of Pressure p in Displacing
the Rotating Band. of the Projectile
GRAPHIC NOT REPRODUCIBL‘\E
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_ Table 24 - Gun Characteristics

s

i jght] MuzZle energy {%l Angle Depth' | Width in mm | Number | 'Length :

: ’ BVA. . Of » - of " of of of 1 of ‘
. [rge Ej - —ton-m . | twist  ['groove, 1,nd| bottom | grooves| rified i
1 I } . . nm i of : part g
' I§ - .groove, 1 Lgp ih )
1 | ©_mm :
‘::é % e ; R

GACLAVENENY
&
(3

5.1 45.85 25 | 79457 | 0.76 3.05| 6,91 | 24 | 1060 Lﬁ

O

2y
E-3

o et s it ety

80 | 146.10 25 | 7°9'45" | 0.76 | 2.10 5.38 | 32 1 2663.

sy

Eakhy

- ary 5 el kA
e T N i e St et e e e L

393420 25 | 7%9'45" | 1.0 3.0 7.47 | 32 .| 3419

~952.40 20 | 3054'25"| 1.5 | 3.0 '6.97 | 48 3501
8055'37" | 4 ey

311.90 120 | 3%2'00" | 1.25 3.81| 9.47 | 36 1809 j
8055'37" | -

. 147.10 20 | 3°42'00"[1.015 | 3.04] 7.60 | 36 1260
8056 *
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‘This was substantiat&@@ by the KOSARTOP tests. The pressure

-hechSafy for the ﬁrans&ati@n of the prbjéétile was determined by
: 4ﬁw§ff - flrihg a shoriened 76-mm cannon. By using reduced charges and by

o

» s - . B . . - B N -
. ¢f”? - selectiﬁg sucB/@harﬁes'whéteby a half of ‘the number of projectiles

'C)

fired !ould be eJected from the bore and: the other remain in: it,

..

AN RS e O

; \1t 'ns deternihed thzt a pressure of Ibo kg/cm was not sufficient
e ta drive the band into the S{oovea and”would only prodice a hardly
. Y perceptible 1upr£nt ot the grooves- on the forward pertion of the

rotating band. At a- pressx;e of 225 to 275 kg/ém some of the

DT T T S 5 e

projectilesarenained 1n~the“bore and 2 nuiber ol them was ejected

) tro- the bore ‘and dropped near the. -Eun. Thus only a szall additional
P /.

/

pressure was sufficient t0. eJect the pro‘"gtile from the bore; the

- action of torces .$ and Vé*vas negligible. In consequence, we shall

PRAP T Srtane i o gL

- /, disregarq.these forces in our future analysis.
( o ;,Thhi thelpieésuie,po neceqsgry'tq~oﬁq§cpye the inertia of the
projectile is -equal in the given case to 250 xg/cm2. This value

!iij ?ary cénSiderahly depending on the rifling and band design. In

conpiling his tables, Prof. N F. Drozdov uséd the value of Py = 300

kg/bn H certgin‘authorg use\pofc 400 kg/cm in their calculations.,
Kraitz uses different values:fotpr~¢aryin~ from 270 kg/cm2 for

a 76nnn cannon to 550 kg/cm2 for rifles, in which the grooves are

relatively deep and the entire bullet rather than just the rotating

band i8. forced: to nake the rifling.. ~

. Speciai tests conducted by Asst. Prof. P.N. Shkvornikov indicate

& prcssure of po = 300~ 400‘kg/ém for rifles.

This pressure p0 will chaugo'it the di;meter of the band do or

P-TS-7327-RE . 328
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4'ts profile is changed.

The value of stusuurry specified for medium-caliber guns is

Py = 250350 kg/cmZ.

Gabeau offers the following expression for dctermining‘pc; §

- . SN

H sin a + Ycos Q|
p. = 4YU —cos a 1 4+ sin @ =—-x el
0 & cos a - Vsin a}

S8 h epualondaamal,

where I - E}astic limit of the rotating copper 'band, attained by the %
band while being forced into the grooves;.

B(bb) - diameter of rotating band (reduced);

d' - caliber - reduced;

PR TR

a - angle of twist;
¥ - coefficient of friction. -

U is .determined fromw the expression

\ 0.6
U = 3000 (_2:__) + 550,

100
wvhere
Dy - d!
:"“X'- - 0.1 + '101 ‘—()"‘n"""“"'?‘";
100 . “d' - d
T “CH

e - ——

Do - maximum diameter of rotating band,
.dCH - diameter of projectile body at the rotating band.
1t vé»disregard the: resi- tance present after the band is fully

driven into the grooves, the motion of the projectile may be assumed

to start at the instant the pressure attains the value Py produced by
the partial burning of the charge WO' o
F-TS-7327-RE . 329
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In. order to obtain prossure po at constant volume, it is neceéssary
_Ebgt;g:ponﬁion of ChnrgeA&b determined from the following general

. .PyFostatics equation be burned:

S 1 -
> 2 R . \A /é
% : Y e,
k ¥ P
h i 4 B =
° ’ . Pg &

De

iThﬁg €§¢ pressuré to overcome the ineértia of the projectile is
1g,ir§gt%y’;ccdugtgdhior by the mggnitudg%{b,of the portion of the

~ charge burned by thé time thé projectile starts moving and by the

4 cérrespdndipgA:e14t1Vé part of the burned thickness Zge The initial
value g%—) o also depends on the value of p,; the higher the value of

gpog the‘greater (. ) » the steeper the p, t curve at the start of
the projectile s motion, and the higher the maximum pressure P

‘3. FORCES DEVELOPED AT THE DRIVING EDGES WHEN THE
PROJECTILE 1S 1IN MOTION

The :ngle formed by the bore axis and the direction of the rifling
grooves creates reaction forces betwecnu the driving edges of the
) rifling and the rotating band :As the projectile moves through the

.bore. These forces N at each groove are directed perpendicularly to

the :aurfaces of contact and create friction férées,ulx sxlong the driving

edge in a diregfion opposite to that of the projectile's motion.

‘ *hese fo}ce; and their componeants (acting in the direction of the
bore axis ané a plare perpendicular to it) iépart R spinnigg motion

to the projectile and develop forces which counteraci the translation
of the projectile (force R).'

In order to determine the resction force N of the ygrpove and the

7-TS~7327~RE : 330
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braking force R, let us iragine the bore surface developed =2 plane ;
g ’ L

Rl

RGN
e e e e o e s = PNk
ERROFIICANMYR

DAY

Xy, with the x-axis parallel to the bore axis (fig. 104). Curve 00 o
depicts a groove with an increasing twist. Point A corresronds to

. s .
the center of the driving .edge, where g;, N and YN represent the forces

acting on each driving -edge, and n is the number of grooves, -

. ' % :
¥e shall disregard the radial force q;nnd the force of frigtion.véa. ?
Let us resolve forces N and WN into their components along the :

X

A Oy
PRI AL LS. PO

. x and y axes:

K" = N sin a; N' « N cos 4;

‘YN' = ¥YXN cos a; ¥XN" = VYN sin a.

L N @
. ~ o

>

According to the law of mechanics, we will have the following 5

% equation of motion:

1) The sum:of the projections of forces along the x-axis equais v
; 2 e

Eay Jiareral

Fa T M St

dt? | , L

7 The sum of the moments of rotating forces equals I -
dt.

an :

e ———— e
-1 ' ' '
e

?

dt ) . T
where 1 i3 the moment of inertia of the projectiie about the

Eax e

N

longitudinal axis; ' .
1 is the apgular velééitj of the projectile. -

The moment of inertia of a projectile of mass ﬁ is

- cx2 o | i
I Lamg 5 r° dm,

vhere Am - an element of the mass, located a distance r, from the

i
axis of rotation, can be represented as:
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' 2
<
2 % 1
.7 ] ;'3 ‘:;J
here § 4s the radius of gyratfon, which is detormined as follows. 30
I

ot ,
A WV AT 0 AT T v,
~

Fig. 104 - Forces Acting in the Riflding Grooves,

1t the entire mass of the boay rotated @béutrthe axis were
.concentrated ip ab infinitely thin cylindrical layer -at a distance

from.the axis, and the value of P is $0 chosen that the moment of

inertis 572 is équal to the true zoment of inertia I, then this

distance from the .axis of rotation would represent the radius of

»

gyration.

FI9IDNA0YdTY LON DIHAVED

e

Let us write the equation 'of rotary notion for the projectile:

N . d N
nrN(cos @ - ¥sin-a) = 1 E{L. . (63)

Inasmuch as

Q. Y tan a

. o - . |
i 1 dv tan G dx 1 dv 2 d tan a
- I T ] ¢ a =— Vit 2] @ - |t (e QR it A, |
T Py (\an at + ax ___gt) - (an T o ;
. - |
Y-TS-7327-RE ‘ ' 332 |

e e e e




" x ¥ W

A
*

" P

P TN

for rifling s.th an i{ncreasing twist

d tan o tan 32 - tan 2y
- - — = k., = const
d.\ L K
//\‘l ﬁp

and for rifling with a uniforn twist

ka~00 ‘

Upon substituting the expression for I and ﬂ% in formula (63)

and determining the value of S% we will get:

.

t L. dv X 2
‘anama-t-:-,-i»amv

(64)

(65)

2

1
o N - e (—f—) - »

n r cos a -~ ysin a
In order to deterwine the value of & g% in parenthesis, we shall

write the equation of translation:
s oN(sin a + wcos a) m/dv
Pch : at !

- —— s

_éﬁefé o} is the gas pressure actiﬁg'on the bhase of the projectile; .
CH H

nX(sin a + VYV cos a) = R,

is the resisting force due to the reaction of n Hriving edges.

: KR dv
Pegs = R = Pcys (’p s)”’az'
CH

« The value of R is.small compared with unity, and
pCst . .
. oy )
¥-TS-7327-RE . . 333
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whére ‘-{’1_ Is 2 value slightly exceeding unity; this value will be

determined with greater accuracy later omn.

Theretore, .
n o Pon®
i ’ Toodt T 9y

Substituting this expression in formula (64), we get:

2

r 4

L 3

! - i (;,) 2 tan @ spoy + Py Kgmv
R ql(cps'u - v‘sixi a)

The expression in the denominator closely approaches unity:

{
J ¢ (cos a - VYsin a) = 1.
\ Ye thus get the final expression for the reaction N of the groove if
the rifling has an increasing twist:
2
1 /¢ e .2 .
N = = (—;—) (tan a SPoy f‘?lxa mv). (66)
For grooves having a uniform twist k, = 0 and the force is
. AN
N o (‘;) tan @ Bpoy. . : (67)

2 .
The value of ({;) « X depends on the type of the projectile and

varies between 0.48 for a bullet and 0.68 for a thin-walled high-
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PR g

explosive percussion shell. -

For example:

g (“g)a
> r )

for a circular solid cylinder.iiissneeesnsiccoeeseas,.50
for«a 3011@ bullet....:...,;..,..4...L.og...o..N'0,48
for armor-piercing thick-walled shells.isceeeeaan 0,56
td for thin-walled percussion shells...ccieevvesics 0.64-0.68.

SRS ot v

: 1n- order to, compute the stress in the band metal, the force N
L must be referred to the contact area between the driving edges of

‘ the rifling and the band, i.e., to botg! where ta
RE the rifiing and bo is’ the width of the rotating band..

. is ‘the depth .of

Formula (67) shows that for rifling with a coastant twist the
pressure e;erted by the band of the projectile on the driving edge
| of the rifling and, inversely, the pressure exerted by the driving
edge- on the band while the projectile is in motionr varies in proportion
{ 1 to the pressure exerted by the gases on the base of the‘projectile.
5 ’ Therefore, curve 1 representing the change of force N as a function of
Lis similar to the pressure curve (fig. 105), and the band of the

k . projectile and the driving edge .are subjected to a maximum stress at
E .

; the instant the pressure and the velocity of the projectile are at

:

£

1 a maximum.

- i 4 3

A B F bl . B

H ' h ‘&M Sy s st P '.;. " 2 J*'MM
A

Fig. 105 ~ Effect Produced by Rifling on the Pressure N
: in the Rifling Grooves,
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angle @), the first term in parenthesis for the instant at which p
.1is developed can be counsiderably decréased. Inasmuch as the velocity

b:vtheﬁprojectite at this instant 4s still sma}l (as is ‘the goubleﬁ
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Formula (66) indicates that by decreasing ‘the initial groove

CATRN U

bR, T R i S
w o s

kinetic energy of ‘the projectile, bv?), then at the instant of maximum

developed pressure the value of N obtained according to formdis (66)

P -

(in ‘the case of an increasing twist) may be smaller than that obtained

A i
“ .

by frmula (67) (for rifling with a uniform twist). ‘
As the pressure continues to decrease, the tak a incr;;ses, as

does ‘the second term kapvz. ‘Hence, in the case of an increasing twist,

the pressure acting on. the driving edge variés more unifermly than in f'

‘the case of rifling with a uniform twist. The force N may be varied

considerably by changing the angles ay and~q§.

The curves in fig. 105 show the change of force N as a function

an

of the path of the projectile for rifling grooves with a = const .and
for two riflings with a variable a: ° ' -

1) a = 10° « const;
2) a = 5°,»a2 - 109; : ) e s e

_ 50 Z 100 , S
3) a) 29, a2 107, i o

1f the rifling equation is known, the dependence of tan a on the
path of the projec%ile L can be determined according to formula (62)
as a means for calculating the change of N:

: - | 4
e tan’ - n . !
~tan @ tan °1H+ (tan a2 tan al) 1;; tan a + k

¥

e e e e

-and curves p,ﬂ'and v,l—can then be plotted and the values of a, p and
v for the same values of L substituted in formula (66). By substituting'

expression (62) in equation (66), we will get:

o w e e

e e

g T o~ .o,
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N = Ata 2, . A 5 so + Ak (fs 2:
N = ~n(t:m alsp + ku!nsg + kdmv }. - Yan alxsp + D;ga(fsp + nvoy,

The first tern representg.thnt,p:essure~xhl which would obtain in-a
rifling with a uniform twist whose angle a = ql. ‘This cﬁ;ngg is sinilar
to the change of tbe=pressuré curve p,,i, i.e., It first increases and
then decreases. The sécond term depends Qn.i, p and y”,whefeby,.b, b '
and:v increase until the pressure attains a maximum vélue: following |

which )2 and v continue to increase and p decreases, This formula makes

LR )

it possiblé to analyze the influence of each variable p, v and L on
the pressure:.exerted on the driving edge. _ .
The reésistance offered by the rrfljng against the translatory f

motion of the projectile is

R = nN(sin a + ¥ cos @) = nN cos a(tan a + V), (68)

Por rifling with a uniform twist (assuming cos a= 1):

A ¢ 2 2
R = (.j_. } (tan™ a + vtan a)spqy, (69)
r .

i.e., R is proportional to the gas pressure on the base of the

projectile.

The magnitude ¢,-introduced above, which takes into account the

braking effect of the rifling grooves on the motion of the projectile,

is also constant when the rifling twist is uniform:

. 2 S '
- R o £ 2 j
q& 1+ SPCH l + (r\) (tan” a 4+ ¥ tan a).

—
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e The equation of translatory motion of the projectile can be :
* vf‘l\ ;;‘Q-‘\’." . ’ T . ’ 7 ) :‘
. -written as follows: ~ #
‘; ’.,_ B “- ,..‘-,‘,N:M.l ‘ " .- e ~ - 7 ,f
@ e % ;,‘:: . p dv
kas - W 2 «l:'“ BP iy ‘w ? — 2
. g’/f"‘“’"' ~cH 1 dt ) e/ . 4
'Sincé' ‘f‘l 21, the fesistance offered by the rifling is the saiie as if i
¥
the -ass of the projectile were increased. In the ¢xpression '{1 = 1 4+ ’?
o + 7« tanz .3 +A3% tan G the value of the coetjxicient by tan2 a varies ?
';mw \\\ ~
' y between 0 0025 (—- )’ for a sumall pitch wilﬁ(h a rifling pitch h = 45 ‘
calibeu and 0. 025 {2.5%). for a very steep pitch (h~= 15 calibers). N
Yor a. medium aagle of twist a = 6-7° A 'tan? a =0.01 (1%).
| The value of the coefficient 1 Vtan a depends on both the angle
'a aad the coefficient of friction ¥ which is usually taken betwéen
0.16 cand 0.20; on the avera,,e XV tan a = 0.01 (1%).
{ Investigations made durxng the past Iew years have shown that v
) decreases a8 the velocity of the projectile increases; at v = 200 m/sec
; V% 0.10, and at v = 1000 u/sec ¥ = 0.05. ]
: 1 o, .S ‘usually—taken to 'be equal to C?l - 1'.\02.
‘ For rifling with an increasing ‘twist
- -L ' - ) 2 .
. R o (tan a spoy + @ kg wv Y(tan a + V),
-and the magnitude
. R
- 1 +
?1 SPCH
will no longer be » constant value. N .
- /
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4. THE WORK DONE IN OVERCOMING THE RESISTANCE R. OFFERED
BY THE RIFLISG GRODVES.

In order to overcome the resistance R, the powder gases must do
a certain amount of work.

. For rifling with a uniform twist:

2

R = nX cos a(tan & +¥) = X (tan a + Y tan a)spsy.

The work done in overcoming this resistance is

t' t
§ RdL = A(tanz a + Vtan a)s g,pcﬂdi,
0 0

‘but

t
v2
. s ' - my_
s | pCHdL -5
0

"Thercfore,

R

2 2
g Rdf = 2 tan2 a E%r 4+ AVYtan o E%—.
4]

1t can be shown that the first term represents the work done
in imparting a spinning motion 22 to the projectile, and the second

term represents the work done in overconing friction E3’
2
Both types of work are proportional to ﬂ§~ ~ E, (to the work done

in imparting translation to the projectile) and can be written as:
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"Por rifling

Wy ':P R :;\ﬂfh»’ﬂ?a‘ N ;‘)‘A h}vr
OC::%&;OQ" te K
e E, = Atan® g Eﬁ% - ¥, Eif
:“) “'\‘ ] N ,2\ - € 2 » ~2, 2 »
. N 2
¢ where ko * Atan” aj;
: 2 .2
N my . wY.
D) AVtan Q —— e kK e
SR L S
"where ks = AV tan Q.
Comparing 1t .with the expression téntél, we find that
’%1 - ,1 + Dkz + k?v/"

with an increasing twist:

R = aﬁ(sin a + Ycos a) = A(tan asbc3_+ ¢,k mvz)(sin a + Ycos a) =

« Acos g(tan-aspca + Qlkamvz)(;m a+»).

17a

tan = tan a; + k_ ¢

Substiiuting therein the expressions

and . \
2

where

a

we will gét an

- and its velocit

r-TS8-7327~RR

g 2
2 L 2 (2
tan ay 1+ 2na le + ng (? ’

/ tan a .
-.<-—-—--2.m_1 R
tan ar .
xpression for R as a function of the projectile's path £

v, and using the numerical value of g Rdl we can

0
340

AN g L v - - N
T TTI R  I RO Y SR T AR Y
T AT e e 3 L oy o g, I T )

voUowY oy
% 4l Sl

SN TVNIPINS. SO SN, SORRP A AT ol
- " -

LRI

e




A

détermine the wor% done i overcoming the resistance offered by a

rifling with an_  increasing twist.

‘ CHAPTER 5 - DERIVATION OF FORMULAS FOR DETERMINING THE SECONDARY

| o TYPES OF WORK INVOLVED. '

! 1. WORK DONE IN SPINNIKG THE PROJECTILE

2 The work done in imparting a spinning motion to the projéctile is

expressed by the formula

. ) . E-‘!ﬁ
.. 2 2’

R PSS VR
.

————
ALY

wvhere I = monent of inertia of the projectile about the axis of rotatioen

(r = mp?); |
f n - angular speed of rotation.

i It was shown gbové that all four items of work under conside%aéion

é are proportional to the basic work El - 2%3, and the expression for Fz

; ; can be reduced to the form:

from which we can determine the value of k2’ we shail substitute the

linear speed v for the angular speed of the projectilefl:

.« - - -

(1-‘V tan a;

r
wpov? tar? o p N2 o 2 2
EZ- 3 ..<,__; tan qml_-kziﬂ.‘:'_,
2r . 2 2
whare
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L S » The doefficlent k2 indicates the portion of the total work donec

,fn spianing the projectile. This magnitude depends on the design or

¢ type of the projégtile (a% ) and oh the rifling of thé bore -~ the

' iﬁgiésﬁf“tq;s§~a., ¥
‘2. THE WORK DONE IN OVERCOMING THE FRICTION IN THE ‘
RIFLING GROOVES ' . &
The component of the force of friction on the driving edge .
resisting the projectile's motion is expressed by: 1
nyY N cos a. .
\ ) .
The work done ia overcoming this resistance is .
. - 4
1 , dg ’
E, = g nyX cos @ = ’
3 cos a
—f f_ ‘
0
s because the path traversed along the rifling is £/cos a.
| : Substituting here the expressioh for N:
: : t ;
, ¢ 2 ' .VP"2 mv2
i E3 - (1;) ytan a s pCBd - 1(}; VYtan a —E—.
g 0
; wve thus get n l
g f 2
3 - b \) 1 .
5 k, ( ) tan «,
3 0 i.e., the expression derived earlier.
i The numerical values of k, and k? were likewise discussed earlier
3 . *
% in the text.
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«  3..THE WORK DONE IN DISPLACING THE CHARGE

ln‘diSplncing the projgctile through. the bore, the powdér .gases

move together with it; whereby the uubuxued portion of the charge

may move likewise under ‘the action of non- unf?orm pressures developed

in ‘the bore. A pof@ion of the developed energy is thus spent on the

displacement of certain portions 6f thé charge and on imparting kinetié

energy to them, which must be taken into consideration. 4

Ipasmuch as no accurate data is available on the disfribukion
vz the gas mass and the unburned porti J-Of the charge in the init&gl
air space, certain allowances must be resorted to when these factors
are taken into account. p

It is known that when 2 shot is~£ired wave‘motionS‘may ocecur
whern: the gases impinging on the base' of the projectile reboﬁnd and
engouni¢r other gases flowing towards them, thus creating a localized
pressure rise. Furthermore, in entering the narrower bore from the
chamber, the gas sittréam becomes smalder in cross section, and this
may also make 1t more difficult to_express the law cof motion in the
form of analytic functions. As a result; it is necessary to resort
to c¢ertain simplifiedfexpréssions and allowances when determining the
wgrk done in the displacement of the gases.

This problem is presented as follows: an expression must be
obtainédd for the kinetic energy of the portions of the charge moving
with a variable speed, and an expression for linking this with the
kinetic énergy of the projectile.

In solving this problem, we shall make the iolléwing,allowances:

-

-

1) The bure, including the powder chamber, haslthe same arcéa,

~ -
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’g;‘: ~eg§a1 to the cross-sectional area s.
| ' 2) At each position occupled by the projectile, the mass of
the charge is distributed evenly throughout the en;ine space between
the base of the projectile and the .base of the bore.
3), The elements of the charge have s translatory motion. only

and the velocities betweeén its layers increaséQqum zero at the base

’

of. tbé chamber‘;d“ v at the base of the projectile, ‘zccording ioc the

d llné;r laws

. 4) The velocities of the particles at a given cross section are S
‘the same, snd no friction exists between the particles of the charge o
and th;4valiq.of the bore.

- The diagram in fig. 106 clarifies the above.

¥e shall designate:
v ~« velocity of the projectile;

{ vw - velocity of a charge element in a given layer; &

.

i = W/g - mass of charge;

N - distance between chamber base and base of projectile.

SR AT

At the instant the projectile had traversed a distance £ » A

S e

is constant; it varies with time, whereas we are considering the
\ ;
condition of the .charge masses in the iritial air space at various

distances x from the base of the chamber at every instant.

We shall separate an elementary layer of cross section s and !
height dx and desigunate 1ts mass by dik. The layer moves with a -

velocity vy ; its,exemehtary kinetic energy will be expressed thus: §

(- 2 :
. ditvg
i - -
]
—
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X
T In order to cbitain an expression for the full kinetic encrgy,
2 this expression nust be iutezrated for {4 between zero aud A. ¥Ye
| will then find the kinetic cuergy of the charge, whose elenents
;' ‘ ' move in the initial air space according to a given law,
k
h ¥e have from the condition of uniform mass distribution:
I ;
. ' au dx
. K. —— W s O Qyl m o -
" m nOdu ndx

P

SARIEY
™
A

S | SR @i; _Qi

% i . Fig. 106 - Distribution of Velocities of the Gas Layers Back ?
i ' of the Projectile ?
1 a) chamber base; b) projectile base. ?
é ; From the c0nd1tiop that the velocity v, changes according to the ;
3 linear law and from similar triangles: j

Vg: vV =x 0,

whence . ‘ . ] . ‘

. v " ?1

- Vo ™ -ﬁ-x. :}

Upon substituting, we get: §

' ;

‘ 2 .2 2 :
. dE, = %;" z;- . f% dx = gﬁﬁxzdx. i

§
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0 0
T~
ox
n -
wvon 2 ‘ 2
E“-E—v—— x7dx = 2 -}_&L_.}.}.&L’
©o2pd and,3 3 2 3 m 2
0.
because
1
*ow
)
x q
then
lw :2
E, e — — 2 akE.
43 q 2 41

Hence, in consequence of the aliowances made, tie work done in

moving lhe gases and the charge is proportional to the basic work El'

" The coefficient k, = i; 2 varies considerably depending -on the

4
q
relative weight of the charge {%. In low-power guns and howitzers

{? 220.10:0.15, in high-power guns it is about 0.30:0.40. Consequently,

.

W

— " 0@03‘}0013.
q

1
k4“-—3-

——

This coefficient was obtained under specific assumptions regarding

[T -
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the distribution of masses and velocities. In nctualit; this

Ld $

phenomenon is much nore éOmplPX ind permits certrin sllowances. For
s . . . . ]

example, F.F. Lender, in assuwing that the greater portion of the

charge is concentiated nearer the chamber bgée and hence has a ‘

: ' smaller velocity, obtaived a coefficient b4 - i%; other authorities
assume b equal to 1/4 or 3/11.

4. THE EFFECT OF WIDENING THE CHAMBER ON THE WORK DONE .
‘o IN DISPLACING THE GASES ' . ;

The motion of gases in the presence of a widened c&}hber represents
a complex prgblem in gas dynamics which has not been solved to this.
day. We shall resort to a simpler and less accurate relation which
takes into account the effect of .a widened chamber on the k4 .
coefficient.

The following allowances must be made in aeriving this relation.
1) The gas mass is distributed uniformly in the initial air
space, but only that part of the mass is in motion whose cross-sectional

i
i
i area s equals the cross-sectional area of the bore. The outer layers

adjoining the chamber walls do not participate in this novement. As

R A atas

; usual, the interval gas friection and the friction betwecen the gases

and the walls of the bore are disregarded.

GRAPHIC NOT REPRODUCIBLE

1

JopE——

-

»

Fig. 107 - Motion of Gases in the Presence of a Widened Chamber.

2) The velocity of the gas layers participating in the motion

' F~T8-7327-RE 347
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. varies linearly from zero at the base of the .chamber t;o'-that. of the
; vgioc:‘c;y of the projectile at its base. -
F ‘ By using this purely mechanical representation which does not zi
take into account the gas dynamics relating to the compression of the i
8 : ) );
gas stream, we obtain the diagram shown in fig. 107.
The weight of the gases W' participatiag in this motion relative !
to the over-all weight of the charge Wis expressed by ‘the following .
formulas .
: 1
O et s G dmrvt Somre -‘_ﬁﬂ’
N 24 4 N .
where X = i is the coefficient ¢0f expansion (widening) of the chamber
KM -
andA = Il_
o
1
A+ =
/ w W ——,
‘ A+l
The formula for k4 derived above is applicable to this gas
mass: .
' At o
k' = LY .21 ¥ w . b &£
4 3 a 3 A+1 g q
1w 1
when X = 1, ky = '= —, b = =
) » By4 3 q: 5
As A changes with the movement of the projectile, the coefficient
b varies from b = -:1;.,1. at the start of motion when A= 0 and tends
« { tovards b = % £ as A increases.
q
Because A varies, when integrating the equation of interior
CF-TS-7327-K 348
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ballistics, the value of b must be taken as the average value bhetween

¢ and An‘:

) 1N ' ,
At — 2 A+ = |
bC -~ ) "'—3--7\' BN d/\"~——;;’l--1°—-—~ ¢
/cp -
¢ .
~ 1y
~log‘(A+ —{3
+ 2,303 — .
N
A table is cowpiled for the valuesqu.gcp (i.e., baverage) at two
1 .
limits Aand X; at X =1 b = Yy (Table 25). ) ;
¢
| n Table 25 v ;
n i , A , , - ;
’ OQG 100 200 300 ’ 500 ! 7.0 ].OLO;O'
X . ) 4 )
1. | 0.309 | 0.312 ., .36 | 0.319 0.322 | 0.324 0.320 i
« o -t i
1.5 0.246 0.256 | 0.272 | 0.282 0.293 | 0.300 0.306, °
2.0 0.203 | 0.218 0.242 0.256 | 0.273 | 0.284 | 0.293] °
, ) |
3.0 0.159 , 0.179 0.211 0.230 0.253 0.267 0.280
14,0 0.137 0 0.160 © 0,180 0.280 0.244 0.259 | 0.273 |

According to this table the coefficient b increases when A

increases and %X décreases and tends towards. L as the limit.

5. YORK DONE IN DISPLACING THE RECOILING PARTS
I1f we designate the weight and mass of the recoiling parts by

QO and M, respectively, and the velocity by V, the work done in moving
the recoiling parts|will be expressed in the form:

\}: uv2 Qo"'2
\5 - > - 2g .

S ——
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‘forces.

o A B 4

.Thevﬁnﬁsﬁx.is.knpwn, whereas ‘the velocity of recoil V can be

- f6unad” {rom the theorem of conservation of womentum of the system

}Hgieveﬁﬁ it is first necessary to find an expression for the

~<bn;tQchh&rgééngJeCtll¢ whieh is subjected to the action of internzl

o
2,
B

iy s
R N Y ST

~r

LR PO

-
i e T kot A LS A Y ALY b X 4 ettt

. ﬁapsqiﬁte'velé¢i;y of the projectile Va (with respect to the ground)

and for the average velocity of the charge Vo portions of which move

T

—w
-

g behiind the projectile and behind the barrel itself.

=T XA "\7\1‘ TP

; r ‘ ! s v 4»—--

3

T
< oy

rig. 108 - Diagram of the Distribution of Gas
Velocities when the Barrel is Recoiled

1) chamber base; 2) projectile base.

In order to determine the average absolute velocity v',o{ the

charge, we shall assuume, as before, that the mass of the charge is

distributed-unitormly in the initial air 'space at each given instant

aad that the velocity v'y, changes linearly from V at the base of the

chamber to v‘

V‘-v..v'

at the base of the projectile;

P

wicreby |

‘E[’ISIDHCIO}I&E[}I ION DIHAVED

where v is the relative velocity of the projectile in the bore of thae

gun barrel (fig. 108).

"

If the velocity of the elements of the cﬁarge varies linearly, the
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average velocity will be expressed as the-half sum of the end
velocities, i.e.,

fv f Ya -Y +~Y T'V

- - - —v-:. - v <
Yo cp = T — 5 A
4 In coustructing the equation of momentum and by assuming that

the velocities in the direction of the projectile's motion are positive

and those in the opposite direction are negative, we will get;

-— ' [ TR
AV + uv‘u’cp + mva 0,

or, replacing v’
or, P ?C E Vo cp

velocity v of the projectile, we have:

v .
~MV + U (*;—V)VM(V—V)-O,

whence
mo+
2
Vo ——_——mm—nnq7n.
R - M +m+ ¢ v

Substituting the value of Y in the expression for 25, ve get:

2
2 (:n + -:—la-u) 2 2 (]_ + _].‘- .E'..)
MV M v2 - Mm 2 n 2

and va)by their values in terms of the relative

E, = - v -
5 2 2 (M +m+p)? 2u2 Ly B, k)2
J ( NN
s 1 2 .
i (1 + — %}) o
N 2 a2
M L\2 2
¢ - e . 1 -E- — ) )
g ‘ . ( + X + M
1 . r
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- Replacifign the musses by thelr weights, we get
v If‘ (&5 ¥ 2 N .
1 P , 2 .
) o F 'q: A ; ?m Jq - mV
Lo S qp 2 2
1l + ‘.S.- + ‘.9. I,
Qo Q /
. ) : nv2 ; /
The factor .at fg; Is the coefficient’kg;

' {

(‘ 1 w~)2
T 4 &=
A\ 2 q
kS -Qq - e e S '2.
e L.
Q

¢

The factor k5 depends in the main on the rati% between the weight
of the projectile q. and the weight of the recoiling parts Q,; the
second factor incorporates only a small change in this ratio. An
approximate expression can be used in actual practice. Inasmuch as
L WY i as well as-%—(:g-)z are sm;11 and approximately equal to

Q Qo
each other,

IR

If we express v in terms of the absolute velocity of the

o Cp
projectile Vo ve will get:

vV - Y
-}V + u("a‘"é"“')‘f‘ mva - 0,.

Ve

vhence
\ =
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The coef{ficient k charnétenizing the relative work of recoil is

5
higher for howitzers than for cannon, ‘because foi: the same caliber

and projectile weight the weight of ‘the recoiliny partSsQO is
considerably smaller on howitzers ‘than on canahon ot the séme caliber.
6. SUMMATION OF THE AFXILIARY WORK DCANE
Upon investigating the auxiliary work items invclved and determining
a general expression for each in the form

2
mny .
E - ki —'2—- bd klh

i 1’

an expression can be compiled for expressing the total work done in

tﬁe energy equilibrium equation:

ps(fy 4 L)
Q0 . T g

+ E, + E, + E, + E. = IE,,
o o 2 3 5 i

1 4

ZEi - El(l + kz + k3 + k4 + kg).

The sum in parenthesis is usually denoted by @:
P= 14+ kg + k3 + k, + kg,
or )
2 2 2 )
cem e (B Tt (£) a3 2L (14 2),
r . r e Qo qa/

] =

Thus the total exterior work done by the gases when a shot is fired

is
F-TS-7327-RE 353
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,qm =
LB

vpgrelé ié a coefficient representing the auxiliary or secondary work
done. .

Upon determining \¢, when performing the mecessary ifaﬁsformations
for-the solution of the fundamémtal problém of pyrodynamics, the s;m
of the work El..:Es(in‘thg right sige of i{he equation may be omitted
and replaced by the coefficient Qg%;, @is the coefficient representing
the .secondary or auxiliary work items ihvélved. It increases in the
main with the increase of the relative weight of the charge W/q.

In such cases where design data on the gun.rifliug.are not
available, @is calculated by means of simplified formulas.

For example, Prof. V.E. Slukhotsky offers the following general
expression for ¢:

‘eu k + j; Si’
3 q \

|

by introducing into X the sum of all!the ki's except k4, which is

separately expressed by %? %%w The.éalue of X varies with the type

4

of gun: \
for howitzers‘...'...'.....:“.‘.......K-1.06
for medium~power CanNONecsesleecscsessK = 1,04-1.05
fOl‘ high"‘power Cannon.......Xy....‘-...x - 1.03
“for small arms-acooaooooooooXoooooocoox - 1.10

- The difference in the value of the\x coefficient fox cannon and
howitzers is mainly obtained because ot\the vork done by the recoil

(k5 coefficient):
i
Sugot, offers the following expression for:

——
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CHAPIFR L - SUPPLEVENTARY PROBLEMS.

- e om————

1. RELATIQON BETWEEN THE PRISSLURES EXERTEDéﬁﬁ THE BASE
OF THE BORE AND T'HL BASL OF THE PROJECTILE

When the projectlle moves under the action of the powder gases,
the pressure in the initial air space is not wuaniform because the gases
are in motion and move with varying rates of speed.

In crder to determine. the pressure exerted on the base of the
shell and 'the base of the bore, let us consider two sections of the
initial air space: at base of the bore and the base of the shell,
and construct an equation of motion of the masses located to one side
(to the right) of these sections.

Then the projectile of mass m wunder the action of force Pcus
vill be subjected to an acceleration j, and the equatien of motiou
for the section at the base of the projectile, with the resisting
forces taken into account, ‘will be writtea as follows:

Pcys = @lmj.

- Thé gas pressure p at the base of the shell will impart an

AH
accelerated motion not only to the shell, but also to the entire gas
mass to the right of this section, between the base of the bore and
the bage of the project31e. Therefore the equation of motion at this

section will be written thus:

where # - mass of gases generated by the charge (including the still

unburned portion of the powder);
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ga ~ wmean acceleration of "the charge moving with a’varying velocity

: from one layer to anobher.

g Dividing these equaixons term by term, we gety
i o y wji A\ NP

: AH  “CH @ mj CH je q

; / YT 1

The ratio between thée accelerations developed by the charge and

the préjectile is governed by the ..ypothesis applied with regard to
the .distribution of the mass of the charge in the initial air space
and by the lav of the change of accelerations at the various sectxons
of the space. \

I1f the law governing the gas velocity change is linear, th; ratio
jsfj -8  equals 0.5 and this magnitude, usually called the Piober
coefficient, is the one used in most textbooks on the subject.

The problem dealing with the distribution of gas pressure in the
initial air space is ;naly?ed in great detail by Prof. 1.P. Gravé
/18 7 and, recently, by Asst. Prof. P.N. Shkvornikov 1_7“7 wvho gives
a solution %ovthis problem based on the assumptions ccmmonly used in
gas dynamics with relation to gas motion under condition of uniform

. density of the mixture of gas and unburned portion of powder at a given
position of the projectile in the bore. All the relations are derived
frowm ;he fundaxental equations of motion of the powder .gases and the
burning charge which, in turn, are obtained from the genersl equations
oztgas dynamics for a one-dimensional unstable gas motion.

The fundamental formulas ﬁeveIOped by P.N. Shkvornikov follow.
Using the designations:

" . ~ relative velocity of projectile; T
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.
g ’ - ; )
¥ ?;"
li v, - abselute veiocity of projectile;
f ) . - )
> 1. ¥ - velocity of recoiling parts;
. g;
5 q ~ weight of yrojectiie;
i Qq - weight of recoiling parts; ) /
b, 7 -
;;i ¢3 snd wb ~ coefficlents representing the ;esistances encountered by
%5 the projectile in moving through the gun bore and by the
3 >
AR . recoiling parts,
N
ks . Introducing the designation
L‘é‘ s
: N 1 w
?;Q >
.4 : i = ;
L 1
= PR *- @
£ 2
|
then
V= iva - 1 v
. 1l + 1
and B I .
V - V.
B+ 04

The relation between p):m and pcﬂ(‘) will be expressed by the

formula: T e

.

() RAH ~ pressure at base of bore; Pog ~ Pressure at base of projectile.
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The maximum pressure develops rot at the base of the bore but,

rather, at a distance x = A n at tne sectiou where the absolute
; I+ 4
velocity of the powder gases is v_ = 0.

a
In deriving the fundanmental equation of pyrodynamics and
assuming that pw = RTwy, the pressure p was understood to represent
a certain mean pressure which is identical at all points in the initial

air space; it is assumed thereby that the powder burans under precisely

is given in the

such a pressure. The relation between p, Pey andpMI

following form:

p=pay 14 =X ( i) ;
CH 3 Y ’
9

1+ 4 2oy
2 ¢4q

For a recoilless barrel i =~ 0 and the formulas are simplified:

1w
p =P 1+‘—"'"—" .
CH
3 qiq

Multiplying both parts of this equation byn{l, ve get:
- L @) Lp (14K, + Ky + k)
9P =Py 1+ 37 Poglt + kg + kg + k).

Hence, if we disregard the work done in recoiling the barreil,
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In such a case the equatron of the projectile's motion

. dv
SPey = 1™ Gt

will be equal to the equation of the projectile's wotion ‘

S_,,d'\' H
pl"gmdt; '

where p - mean gas pressure;

¢- a coefficient which takes into account zll the auxiliary

or secondary work done.

This constitutes a very important deduction, because it permits

to consider p and § to be identical values in both the fundamental
equations of pyrodynamics

sz

ps{fy + ) =fwy -

and in the equatlon of the projectile's motion

dv dv
P dt P al

whereby v is the relative velocity of the projectile (relative to the
bore), which is computed in solving the problé@cﬁ interior ballistics.
For cannon and howitzers %& - 1.02, for sﬁall arms using ordinary
bullets ® = 1.05, for armor-piercing bullets ?1 - 1.07.
The coefficient i1 depending on the distribution of the movinyg

mass in the system barrel-charge-projectile, may be considered to be

F-TS-7327-RE 359 \

o

i T . T

DX ok 3. 2ot o e S L b L AR

ﬂ't. SR R Yo L P




equal ..ot

i i~ 0.0015 for rifles and wachine guns.

':£~ : i - 0:0030 for antitank guns )

:ﬂ 4 = 0,020 o for cannon

:; ‘ i= 0.035 for howiizers

;; . This data was arrived at from the analysis of the results obtained

by P.X. Shkvornikov for some of our (Russian) artillery systems and

RN R
.

suall arms.

2. HEAT LOST TO THE BARREL WALLS THROUGH HEAT TRANSFER

AR p et

¥Yhen considering the heat lost to the walls .of  the barrel when
a gun is fired, we shall take inté account the heat transfer resulting
8 from the direct contact of the hot gases with the cold walls of the
g gun barrei; we shgll‘not consider the heating of the walls due to
. rechanical reasons (energy of translation of projectile, friction by
: the rotating band, and deformation of barrel).
The data entering these calculations were presented in Part I

of this book. The basic allowance used is the same as that assumed

SO
N

in computing the heat transferred to the walls of a manometric bomb,
namely, that the heat loss is proportionsl to the number of impacts
made by the melecules against the wall of the bomb, which 1o turn

:é; depends on Y, p and t, i.e., on ijgpdt, where Y is the surface

area of the bore,

e
M’“

' However, whereas the area S¢ remains constant in a bomb, X

ﬁit ‘ varlies from the chamber area ':0 to area ZKH of the entire barrel

- surface. The chamber area is constantly subjected to the action of
the gases and thus takes up a portion of the heat energy, whereas the‘

area of the rifled portion of the bore participates in the cooling of

P-TS~7327-RE 360

Hat e MR e W e g At e ¢

L ot L s m“‘ﬁ ¥ R N -
- kS T < W‘ =“ T N
‘J * }é"-ﬂ“ FINOPN TR G wancT L ettt Dot v Py
SUNIURUUUSIPIUI R W . Sl




pmany s Sty
.

F i ™

‘tests the time t

th* gases only while the projectile 1s in @otxen and thus gradually;
tends to inerease the initial air space. The nearer the rifled
portion to the muzzle, the shorter will be the period during which it
will be subjeccted to the action of the goses, and the less heat will
it take up when a shot is fired.

After ‘the pfoject%ie‘S«depn%tune, €§37hea£ transfer to: the walls
continues axlong the>enti£c area of the bore at .a constantly decreasing
pressure, but inasmucﬁ ag this heat transfer no longer affects ‘the
actual shot (réduced.;ressure and velocity), we shall not consider it
for the time being.

In order to take into account the effect of heat transfer when
a shot is fired, it is first necessary to determine by means of bomb
it takes for ‘the powder to burn at A= 0.20, and

K

also the coefficient Cy% from the Muiraur .C 'curve.

GRAPHIC NOT REPRODUCIBLE

3

Fig. 109 - Heat-Transfer Diagram According
to Miuraur

1f the powder were burned in the chamber at constant initial

charge density:ﬁo, the correction for heat transfer would be determined

by the following formuls:
’1 _
4 F-18-7327-RE 361
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Sy , N L . ) Iq) 4 1 ;
where I, is the'chamber surface area and o w —— 4 o .
.- o Ko D Ky

ikﬁ Ay the length, and D is the mean diameter of the chamber.

- 1 the poirder had burned all the time throughout the entire bore

oo - W , the loss would be .
+‘sﬂn ¥ ;

A g aeemen R v s

Ay i

space at a 105@1ng density of 4., =~ -
P ; k"
expressed. by the formula:

, c ’
ATy} . éKH A (70)
, - AT & 0% Txn Bku

where 'Ekn 18 the surface area of the whole bore.

R T T T

Actually, the loss suffered when a shot is fired is confined
between these two values, and in order to~accb§nt for same when the
pressure ‘and' the cooling surface of the bore change simultaneously,
these changes whose increments are proportional te the path traversed
by the projectile must be known as a function of time. -

wWith the p, t and £, t or 4, t curves at his disposal, Muiraur ‘ ;
suggested the following method for détermining losses due to heat

‘transfer. . .

The p, t (I) and s t(II) curves are plotted on the same

e

: . “KH
diagram (fig. 109); point C' represents the end of burning of tke powder

(P = Pyl .
The area of the pressure curve OpopmpKC'O corresponds (o IK -
tx_
- pdt obtained from bomb tests; the area C'prAC" ve III corresponds
S~ M
0
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to the additional cooling -which would obtain in the second period~
after the end of burning of the powder just before the projectiile
leaves the barrel.

If the surfacé area were constant, the right side of the equation

would have to be multiplied by the area ratio in order to take the

hHeat transfer into account:

4
OpopmgkC"O _ Iy f Ly S 7.
/’ Op PP C'0 T
‘ | 2o
But since the area varies frow the relative value — to- 1 =
Lxn

T .
\KH according to the law .expressed by curve II, a correction must be

ZK H
introduceéd into formula (70) by multiplying the ordinates of curve I

by the ordinates of curve 1LI; the obtained products are given in the
form of curve IlI.

The ratio of the area OABp C"0Q = g—zgpdt to Ix will then show

A
the part of ;hé losses computed by means g? formula (70) that must
be taken in order to determine the loss obtained due to the simultaneous
change of the area and kbe pressure. Miuraur had found that this
ratio must be equal to 0.43:0.46.

Thus the loss due to heat transfer and the relative drop in

temperature due to this loss will be expressed by the following formula:

AT b3
—_— = - —pdt. 71
T 7.774 y'x}; AA Iy XKHP ¢ ),

F

%

t
Cy Ixg 1 g
0

The losses computed in this manner for various weapons amount to
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. 1% in the crse of a 152-mm Lannon and to about 15% for a rifle. E

Therefore cooling through the walls when a -shot is fired varies

within wvery wide limits and amounts to from 1 to 15% of the total

heat energy; thus whereas an error of 1% could be disregarded, no

such allowance can '‘be made in the case of a 15% error, and the latter

rCs Y o W W 5
T A
R R R

; .:%;tér nust therefore be accounted for.

. 1 ¢ ) . ) o :
3& . The method used by Kiuraur for determining losses incurred during
? ‘ & shot requires .the availability of pressure and distance or path
'g curves a&s :a function of time, which data are usually obtained by means
;: of nuimericidl integration or from AHWY (ANII) or TAY(GAU) tables.
1 The author had shown that the heat 1ost to the walls of the barrel
:; éin be calculated also in. the absence of the p and £ curves as a function
1 of time.
'fl' ~Béﬁring in mind that WKHAKH —»WOAO =w , pdt =~ dI, the above
- - formula can be rewritten thus: .
4 . ‘
3 - I ) ) '
i AT\ . O Loy | Ear . S o [ Loat gy
j.' } KH K !

: 0 0 \

(1 v
i But from the equation of motion
3 @udv = spdt = sdI, |
b i |
3 whence : : . \

d1 - gy I, = -£8 ,¢ . ¢n
s ’ Ig s 'K p Kvé + VK)’

Ly

MG A v o
m“q‘-
-

vhere vé is the velocity the projectile would have attained if it \

e 3w S e 2t ¥ g o ZAR RIS
o RN Al T

had started to move as if there were no rifling gﬁ_the instant a \
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portion of the chaige Yo is burned, corresponding to the lrue pressure:

Yo
v' == IO - ~i~ pdi.
VU om ¢m .

5 _

This value serves as a means £or determining the heat lost
in'the chamber due to transfer before the projectile starts moving.

The ratio -%l can be replaced by the ratio
“K

{ represents the total surface area of the chamber 2:0 and

KB
of the rifled portion of the ‘bore Rd"ln, where d" is the reduced
diameter of the circle having the same perimeter as the perimeter
of the cross section of the bore including the rifling bores. 1If

the npumber of grooves is n, and their depth is tH'

t

H 2n

d Q‘+ ij) J :

Inasmuch as in the barrels of artilléry pieces, tH -« 0.01-0.02d,

- T4

H 1 +

Xd"” =N (d + tH) + 2nt

d" = d/71 + (0.01...0.02)(1 + 0.64n) 7

when n = 28,

d" =« d/71 + (0.01...0.02)18.9 7 = d /71.19...1.38 7 = 4/ 1 + a, 7.

The nunerals in parenthesis show that the increase of the cooling

surface due to the presence of rifling is very great and becomes
greater with the increase of n and tn/d.
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? ) ’ jnasmuch as the meun diameier of the powder chamnbel 18
2 : ‘ - i
< . - D dVy,
: where X = ,U is the wideuing coefficient of the chamber greater than <
. K
unity,
7 ™~ _
7C 19 ’ . 1 i
f - 2 o el - 1 ’ —— o—— ‘Y e
Lo = Td Vyley + 2 ~d rdfy, {fi * 7 [L a7 }
<
Assuming for the sake of simpligity that,
. . d” &
1’“_ {v§+—-272-,}&_/_'1+u1_7 }::,,20[1+a1_7, 3
" \ :
¥o
vhere IO - = is thé reduced length of the .chamber, we obtain expressions
for the areas of the bore at the start, at the ead and at an inter- 4
¢ mediate instant: — .
4 - ﬂ . :
’ £, d(1 + o) ks :
. » ' e me s ;
- . £ - J
Ly =7e@ + aythy + Lys ;
e - ) :
' )3 -ﬁ’d(i+al)(10+!~);
a . :5
)} 10 +4 ) ) T 20 +f b
- L] + - M -~ ° N
¥ "Xy f
¥ Lo 10 KH £0+£IR
- Replacing —— and . in formula (72) by thelr corresponding 3
Ix 0 3

expressions, we get a relatiounship for the heat transfer occurring while

Rl

$V M 8 saeTad Ly

o

the projectile moves through the bore i’ the form: :

e
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(73)

1
-~ a s 7 R
Cy & & G g (£, + Lo
v o+ vy)
0 )0

To this must be added the heut losses in the chamber during the
preliminary period, determined by the aunalogous formul:zs
i

Cy et j20 ! I_q_ Sy 5y Bvg
g4/ w 1y 7..774 W ' ’
7.77 ZO(VO + VK)

~

(74)

Adding formulas (73) and (74), we get an expression for -the gas

temperature drop occurring while the projectile is in motion due to

heat lost to the walls: vg
‘ Lo(vy + v)+ S fdv
(_‘LT)%.. Cy 0 0 S 20\. 15
T 7.77‘1 « O(V.(') 4 v') 7077‘1 W .

Prior to the start of motion,'v = 0, and expression (75) is

transformed into (70). Prior to the end of travel in the bore, v = Vi

so that:

' N
c c fo(vy + Vi) o+ S fav ‘.
(ATA Y 0 . 0

21) g - - 2oy (76)
T T T G v 7.174 w X

A curve depicting the velocities of the projectile as a function

of the traversed path X-is adequate for the purpose of calculating this

loss. ~

3

The.g, v diagram in fig. 110 constructed by the author indicates

.
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‘that Y represents a ratio of the areas

area avefhda

- -

area abed

the rectangle aghd characterizes the loss incurred in the chamber, the
area of the curvilinear {iigure oefyy represents the loss in the rifled
portion of the barrel, and the rectangle aokd represents the loss in
the preliminary period.

The fﬁctoriﬁﬁbrepreseuts the ratio between the total heat lost
to the:walls of the entire bore, which takes into account the fact
that the rifled portion enters into ac¢tion graduvally, as the projectile
moves through it, and the heat lost in the chamber at the end of burning
of the powdpr; the area of the chamber includes the area of the base
of the projectife.

By analogy, the ccefficient w characterizes the heat transfer
at a given tire.

¥hen computing the cross-hatched area in fig. 110, v is the
independent variable and l-is the dependent one. But the situation
will not change if we were to turn the graph around in such a way
as to obtain an ordinary curve of velocities v as a function of the
path‘L. In such a case we would have a v, L graph (fig. 111) instead
of anaz, v graph, wherein the cross-hatched area lies above the v, £
curve. The aumerical values of \1 and \’\A will remain the same, but
due to the change of the'coordinates the expressicn for the area in

the numerator will be different:
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d []

a v + Vi vl - val
o o .

'3].-

Lytvy + VK)

Ef vat

R —

A 258vg + Vi)

20(v6 + fn)+gaiﬁ -

The relation between v and‘2 can be found in the ANII or GAU

tables by meaans of the ratio

-%L -A.
0

GRAPHIC NOT REPRODUCIELES
- ' ] 3

|
Fig. 110 - Diagram for Corputing Fig. 111 -~ Diagram for Conputing
the Heat Transfer in Terms the Heat Transfer in Terns of
of £, v Coordinates v, £ coordinates

Dividing the numerator and denominator ofw}_by Ib’ disregarding

the value of v6 in the nunerator, and bearing in mind that
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Beadusdd chnind
,

we got

A
vl +A)~ S vda A
9 “w (1 4A) — - % . dh; -
VL g
0

A S =
«vgl

On the basis of the constants assumed in the ANII tables

95,000 kg-n/kg; g = .81 m/sec®; @= 1.05; VI = 955 and -
vy

_ Yiable m/sec’.
855 VB e
Therefore -
1 A 1 -
> s - 1 4+ A - .
1 955 y/ﬁ ( + )vt&ble g vtal?le da )
0 J
L (L+A) @ dl:
- + V - V .
WA 955 Vﬁ. table S table
0 .

lacorporating these expressions in formulas (75) and (76), we
%111 find the heat transfer losses incurred when a shot is fired from
the ANII tsbles,
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't should be noted that when calculating —— = o, the and
‘ ) wo hgdy 0

2 3
WO wust be expressed o or® arad en’
-~

Results of Caulculations. Caleulations for a 76-nn caunnon of 1902

e — e

issue measuring 30 calabers in length show that for a normal charge

T
and amounts to 2.2%. Upon increasing the length of the barrel to 50

LQJ) % 1.8 when the charge is reduced the loss increases somewhat
\

calibers the loss incurred with a nornal charge equals 2,5%, and is
3.1% for a reduced charge.

If expression (76) is presented in the forn

where

Ch, 351

K = — =,

L
T 7.774 Wy 4

we shall have the following data (Table 26) for a 76-mm cannou of

1900 issue, using CN strip powder (20,1 « 1.03 mm) (based on N.a.
Zabudsky's tests) and CM - 4.6%, when varying the charge.
Table 26
w 1.041 0.892 0.725 0.568
A 0.613 0.525 0.426 0.328
Ko 0.5& 0.646 0.795 1.034
K 1.36 1.51 ! 1.75 2.24
MDY 3.01 2.83 2.54 2.11
A
(—-I) % 0.75 0.98 1.39 2.32
T/ g
(«-A-I) % | 1.67 1.83 2,00 2.18
T R -
2 + & 7.79 9.98 14.23 25.05
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This table shows that when the charge Is decreased, the heat

transfev loss increases frow 1.7 to 2.2%. When the barrel length

is increased to 50 calibers, the percentage value increases correspondingly.

£0. 2.3 and 3.}4& When the charge is decreased the drop in temperature at

the end of burning becomes greater due to the increased ¢ooling surface

area, because the end of burning is transposed towards the ﬁuzzie'(see

line..ﬁK + zb). /

Célculations for systems of different calibers have showvn that
H

4 .
when the caliber is ingrgﬂéed the heat transfer losses decvrease because

.0of the reduced value of E;Q, and notwithstanding the increase of Cy

¥
o -
which increases slowly in the case of thick powders, \g Tluctuates

béiween the limits of 2.25 and 3:75. The heat loss in a rifle amounts
to lq% and must be accounted for by reducing correspondingly the powder
energy £ -<RT1, i.e,, as if the burning temperature of the powder were
reduced. For guns varying from 37 to 76 mm in caliber, the energy f
determined in bomb without corrections for heat transfer may be

considered acceptable, because the heat losses obtained in such guns

o b b

" and in bombs are about the sare  (2-3%).

P-TS-7327-RE 372

.;l:qnyv WS ST WRPREAE e 9 S =

——

via )

T —e

.

i b e e 22 5 e e s Ko i £ o K




